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The phytohormone gibberellin (GA) regulates various processes throughout plant 
development, ranging from seed germination to floral induction and pollen maturation. 
The nuclear-localized DELLA proteins (DELLAs), which confer plant growth 
restraint, are a key component in the GA signalling pathway and function as 
repressors for almost all GA-mediated responses. In addition to their roles in plant 
development, DELLAs are also involved in adaptive plant growth under 
environmental stresses. As DELLAs are the integrators of various phytohormonal 
signalling pathways, it is likely that DELLAs-conferred plant growth restraint is an 
integrated response to different phytohormones and environmental signals. The 
involvement of DELLAs in multiple pathways and their importance in plant 
development, make the elucidation of their downstream mechanisms a topic of great 
interest. In this study, two downstream targets of DELLAs, AtPV42a and RAP2.6, 
were characterized using molecular and genetic approaches. 
 
The conserved SNF1/AMPK/SnRK1 complexes are global regulators of metabolic 
responses in eukaryotes and play a key role in the control of energy balance. AtPV42a 
and its homologue, AtPV42b, encoded CBS domain-containing proteins that belonged 
to the PV42 class of γ-type subunits of the Arabidopsis SnRK1 complexes. They were 
upregulated by RGA and were expressed in a variety of tissues during different 
developmental stages. Transgenic plants in which AtPV42a and AtPV42b were 
silenced developed short siliques and reduced seed set.  Such low fertility phenotype 
resulted from the deregulation of late stage stamen development and impairment of 
pollen tube attraction by the female gametophyte. My results demonstrated that 
 xiii 
 
AtPV42a and AtPV42b played redundant roles in regulating male gametogenesis and 
pollen tube guidance, indicating that the Arabidopsis SnRK1 complexes, whose 
association and activity were possibly related to DELLAs, might be involved in the 
control of reproductive development. 
 
The ERF/AP2 transcription factors play diverse roles in plant development and plant 
adaptive responses to environmental stimuli. RAP2.6 encoded a member of the ERF 
subfamily B-4, which was localized in the nucleus. RAP2.6 was upregulated by RGA 
and RGL2, and it was expressed in various tissues at different developmental stages. 
In addition, expression of RAP2.6 was induced by ABA and abiotic stresses. During 
seed germination, down regulation of RAP2.6 conferred resistance, while 
overexpression of RAP2.6 led to hypersensitivity to abiotic stresses. Moreover, down 
regulation of RAP2.6 partially alleviated the PAC-mediated inhibition of seed 
germination. During the development of young seedlings, transgenic plants in which 
RAP2.6 was silenced overcame ABA-induced growth retardation. Silencing of 
RAP2.6 also conferred a late flowering phenotype at 16℃ , indicating its involvement 
in the thermosensory pathway of flowering time control. My results implied that 
RAP2.6 might function as a converging point where multiple phytohormonal and 
stress signalling pathways integrate, and played a significant role in mediating 




In conclusion, I have characterized two downstream targets of DELLAs, AtPV42a and 
RAP2.6, which were involved in reproductive processes and plant adaptive growth in 
response to environmental stresses, respectively. My findings would help to elucidate 
the underlying mechanisms of DELLAs function and enhance our knowledge of the 













1.1 DELLA proteins 
 
The phytohormone gibberellins (GAs) function as essential and potent regulators in a 
broad range of processes throughout plant development, including seed germination, 
hypocotyl and stem elongation, leaf expansion, floral induction, pollen maturation, 
and fruit development (Koornneef & Vanderveen, 1980; Reid, 1993; Hooley, 1994; 
Chiang et al., 1995; Ross et al., 1997). GA was first isolated from the fungus 
Fusarium moniliforme (Gibberella fujikuroi) which causes the “foolish seedling” 
disease in rice (Grennan, 2006). Infected plants demonstrate pale-yellow, elongated 
seedlings with slender leaves, stunted roots, and little or no seed production 
(http://www.plant-hormones.info/gibberellinhistory.htm). Chemically, GAs are a large 
family of tetracyclic diterpenoids derived from four isoprenoid units forming a system 
of either four or five rings containing either 19 or 20 carbons. Gibberellins are named 
from GA1 to GAn (n: number) in order of discovery. Currently, 136 GAs have been 
identified in all plant species examined as well as some fungi and bacteria 
(http://www.plant-hormones.info/gibberellins.htm). However, in plants, only a small 
number of GAs, such as GA1 and GA4, function as bioactive hormones, and the rest  
act as non-bioactive precursors for the bioactive forms or as deactivated metabolites 
(Yamaguchi, 2008).  
 
Due to its importance in many physiological processes, the molecular mechanisms of 
GA signalling have been extensively studied and significant progress has been made 
in this field, with the identification of GA receptors, activators, and repressors. 
DELLA proteins (DELLAs) confer plant growth restraint and are a key component of 
the GA signalling pathway and function as repressors for almost all aspects of GA-
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mediated responses (Sun & Gubler, 2004). GA-mediated degradation of DELLA 
proteins is a key event for the GA signalling pathway. GA de-represses its signal 
transduction by promoting the proteolysis of DELLAs via the ubiquitin-26S-
proteasome pathway, which is mediated by the SCF complex. Additionally, DELLAs 
also play a significant role in the establishment of GA homeostasis, by directly 
regulating the expression of GA-biosynthetic and GA receptor genes (Ko et al., 2006; 
Oh et al., 2007; Zentella et al., 2007; Daviere et al., 2008). 
 
DELLA proteins are localized in the nuclei where they suppress downstream GA 
action and are rapidly degraded in response to GA signals (Dill et al., 2001; 
Silverstone et al., 2001; Gubler et al., 2002). The bioactive GA signal is perceived by 
GA-INSENSITIVE DWARF1 (GID1), a GA receptor with homology to human 
hormone sensitive lipase (Ueguchi-Tanaka et al., 2005; Nakajima et al., 2006). The 
binding of bioactive GAs to GID1 then facilitates the interaction between GID1 and 
the DELLA domain of DELLAs (Griffiths et al., 2006; Ueguchi-Tanaka et al., 2007; 
Willige et al., 2007). Subsequently, this interaction enhances the affinity between 
DELLAs and a specific SCF E3 ubiquitin–ligase complex (involving the F-box 
protein called SLY1 in Arabidopsis or GID2 in Oryza sativa) (Griffiths et al., 2006; 
Willige et al., 2007), thus promoting the eventual destruction of DELLAs by the 26S 
proteasome (McGinnis et al., 2003; Sasaki et al., 2003; Dill et al., 2004; Fu et al., 
2004). Recently it is reported that even in the absence of degradation of DELLA 
proteins, GA-dependent GID1–DELLA protein interactions are sufficient to inactivate 
the DELLA repressor function (Ariizumi et al., 2008). It has been proposed that post-
translational modifications of DELLAs form part of the GA signalling pathway, as 
phosphorylation of DELLAs might be the prerequisite for subsequent GA-induced 
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degradation (Fu et al., 2002). For example, in rice, phosphorylation of the DELLA 
protein (SLR1) triggers its ubiquitin/proteasome-mediated degradation through 
interaction with SCF
GID2
 (Gomi et al., 2004). In barley, a tyrosine kinase inhibitor 
blocked the GA-induced degradation of SLN1 (Fu et al., 2002). However, more 
recent observations suggest that phosphorylation of DELLA proteins is not directly 
involved in GA-induced degradation (Itoh et al., 2005).  
 
DELLAs belong to a subfamily of the plant-specific GRAS gene superfamily of 
regulatory proteins, and are highly conserved in Arabidopsis and other plant species, 
including rice (SLR1), wheat (Rht), maize (d8), barley (SLN1), tomato (LeGAI), 
grape (VvGAI), and pea (LA, CRY) (Gale & Marshall, 1976; Appleford & Lenton, 
1991; Ikeda et al., 2001; Boss & Thomas, 2002; Chandler et al., 2002; Itoh et al., 
2002; Bassel et al., 2004; Sun & Gubler, 2004; Ueguchi-Tanaka et al., 2007; Daviere 
et al., 2008; Weston et al., 2008). The GRAS proteins are a recently discovered 
family which is named after GAI, RGA, and SCR, the three initially identified 
members (DiLaurenzio et al., 1996; Peng et al., 1997; Silverstone et al., 1998). The 
distinguishing domains of the GRAS proteins are characterized by a highly conserved 
VHIID motif (of unknown function) flanked by two leucine-rich areas at their C-
termini, which may be involved in protein–protein interactions (Peng et al., 1997; 
Silverstone et al., 1998; Pysh et al., 1999). Their N termini are more divergent and 
may be involved in conferring specificity (Peng et al., 1997; Silverstone et al., 1998; 
Pysh et al., 1999). Nearly 40 GRAS family members are found in the Arabidopsis 
genome, which play important roles in diverse biological processes such as signal 
transduction, meristem maintenance and development (Pysh et al., 1999; Bolle, 2004). 
The GRAS genes that are known to be involved in GA signalling all contain a unique 
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acidic N-terminal DELLA domain, which is named after the conserved amino acid 
motif D-E-L-L-A and has been shown to be required for the proper regulation of the 
proteins (Sun & Gubler, 2004). The C-terminal portion of the DELLA subfamily 
contains a SH2-like domain (Peng et al., 1999) and a LXXLL consensus motif, which 
mediates the binding of steroid receptor co-activator complexes to nuclear receptors 
in mammals (Peng et al., 1997; Silverstone et al., 1998). The DELLA domain and C 
terminus of the DELLA proteins are essential for their degradation in response to GA 
(Silverstone et al., 2001). Deletion or specific amino acid substitutions within the 
conserved DELLA motif (e.g. gai-1 and rga-D17 in Arabidopsis) stabilize mutant 
DELLA proteins and confer GA-insensitive dwarf phenotypes (Peng et al., 1997; Dill 
et al., 2001; Gubler et al., 2002; Itoh et al., 2002).  
 
Although the DELLA proteins do not have a clearly identified DNA-binding domain, 
they are putative transcription regulators and may act as co-activators or co-repressors 
by interacting with other transcription factors that bind directly to the DNA sequence 
of GA-regulated genes (Sun & Gubler, 2004). Recently the biochemical function of 
DELLA proteins was elucidated. Two reports were published which identified the 
role of DELLA repressors in the context of light-regulated seedling development (de 
Lucas et al., 2008; Feng et al., 2008). The yeast two-hybrid (Y2H) assays showed that 
DELLA proteins interact with PIFs (phytochrome interacting factors), a subfamily of 
basic helix-loop-helix (bHLH) transcription factors which negatively regulate 
different aspects of light-dependent seedling development. The interactions with 
DELLAs prevent PIFs from binding to their cognate promoters (the bHLH DNA 
recognition domain) and thereby antagonize PIF-dependent transcriptional activation. 
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DELLA-mediated block of PIF DNA recognition was also confirmed by EMSA and 
ChIP studies using PIF4-HA transgenic lines (de Lucas et al., 2008; Feng et al., 2008). 
 
In Arabidopsis, DELLAs consist of five members, RGA (repressor of ga1-3), GAI 
(gibberellin insensitive), RGL1 (RGA-like1), RGL2, and RGL3. The presence of 
multiple genes of the DELLA domain subfamily might be to allow the fine-tuning of 
GA responses in different tissues at different stages in the plant (Sun & Gubler, 2004). 
The five DELLA subfamily members have overlapping as well as distinct roles in GA 
signalling. GAI and RGA are highly homologous to one another, sharing 82% identity 
in their amino acid sequences, and act redundantly to negatively regulate stem 
elongation, leaf expansion and transition to flowering (Dill & Sun, 2001; King et al., 
2001). RGL1 is a negative regulator of germination, stem elongation, leaf expansion, 
floral induction and flower development (Wen & Chang, 2002). RGL2 is a negative 
regulator of seed germination whose transcript levels increase transiently during 
imbibition of dormant seeds (Lee et al., 2002). The role of RGL3 in GA signalling 
remains to be identified. It is likely that RGL3 also plays a role in seed germination 
and/or flower development (Sun & Gubler, 2004). Mutation of DELLA proteins 
suppresses the GA-deficient mutant phenotype of ga1-3. Lack of GAI and RGA 
rescues the dwarfed shoot phenotype of ga1-3 (Dill et al., 2001; King et al., 2001), 
lack of RGL2 allows for GA-independent germination of ga1-3 seed (Lee et al., 2002; 
Tyler et al., 2004), while lack of RGA, RGL1, and RGL2 permits normal stamen and 
petal development in ga1-3 flowers (Cheng et al., 2004; Tyler et al., 2004). 
 
Over the years, increasing evidences have emerged which show that DELLA proteins 
are the integrators of various phytohormone signalling pathways, modulating plant 
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growth in response to GA, auxin, ethylene, and ABA signals (Achard et al., 2003; Fu 
& Harberd, 2003). in vivo assays have shown that auxin, ethylene and ABA all affect 
GA-mediated degradation of DELLA proteins. Auxin is necessary for GA-induced 
degradation of RGA (Achard et al., 2003). On the contrary, ethylene and ABA delay 
GA-mediated degradation of RGA (Achard et al., 2003; Fu & Harberd, 2003). In 
Arabidopsis, the GA, ethylene, and auxin signalling pathways integrate at the 
DELLAs levels in the control of root growth as well as the maintenance of apical 
hook structure (Achard et al., 2003; Fu & Harberd, 2003). Auxin is necessary for GA-
mediated control of root growth, while ethylene-mediated inhibition of root growth is 
dependent on DELLAs (Achard et al., 2003; Fu & Harberd, 2003). In apical hook 
maintenance, auxin and ethylene were also found to play opposite roles. Auxin 
treatments reduce, whereas ethylene treatments enhance, the curvature of the apical 
hooks of 3-day-old Arabidopsis seedlings in a DELLA-dependent manner (Ecker, 
1995; Raz & Ecker, 1999; Achard et al., 2003). Likewise, DELLA proteins also 
function as a converging point of the GA and ABA signalling pathways in regulating 
cotyledon expansion and controlling seed dormancy (Penfield et al., 2006). ABA 
blocks seed germination by inducing ABI5 (ABA-insensitive5), a basic 
domain/leucine zipper (bZIP) transcription factor (Finkelstein, 1994). RGL2 inhibits 
Arabidopsis seed germination by increasing ABA synthesis and ABI5 activity 
(Piskurewicz et al., 2008). Similarly, in barley aleurone cells, ABA acts downstream 
of the DELLA protein SLN1 to block GA signalling (Gubler et al., 2002). DELLAs 
might promote ABA accumulation through the gene XERICO whose upregulation 
substantially increases cellular ABA levels in Arabidopsis. The increased ABA levels 




As the integrator of multiple phytohormonal signalling pathways, DELLAs 
participate in adaptive plant responses in response to environmental signals. The 
Arabidopsis DELLAs contribute to plant photomorphogenesis by mediating light 
inhibition of hypocotyl growth (Achard et al., 2007). Salt-induced vegetative growth 
inhibition and late flowering involve ABA-dependent enhancement of DELLA 
restraint and salt-activated ethylene and ABA signalling pathways integrate at the 
level of DELLA function to promote salt tolerance (Achard et al., 2006). DELLA 
restraint is also a component of the CBF1-mediated cold stress response and DELLA 
accumulation contributes significantly to the CBF1-induced cold acclimation and 
freezing tolerance by a mechanism that is independent of the well-known CBF 
regulon (Achard et al., 2008). Because the ABA and ethylene pathways are involved 
in plant responses to diverse abiotic and biotic stresses, it is likely that DELLA-
conferred plant growth restraint is an integrating response to different phytohormones 
and signals of adverse environment (Achard et al., 2006). 
 
The involvement of DELLAs in multiple pathways and its importance in plant 
development make the elucidation of the downstream mechanisms of DELLA 
proteins a topic of great interest. Several microarray analyses have been performed to 
identify genes regulated by DELLAs at different developmental stages such as seed 
germination, seedling growth and flower development  (Ogawa et al., 2003; Cao et al., 
2006; Nemhauser et al., 2006; Zentella et al., 2007; Hou et al., 2008). The results 
show that at various developmental stages, a huge number of genes are regulated by 
DELLAs, and such regulation has been confirmed in some of these genes, by 




1.2 The SnRK1 protein complex 
 
As sessile organisms, plants are exposed to a constantly changing environment. It is 
therefore essential for them to sense and integrate endogenous and environmental 
stimuli to generate suitable cell responses for optimizing growth and development 
(Polge & Thomas, 2007). The control of energy balance is one of the crucial factors 
for the adaptive processes in plants, which involves a group of plant protein kinases, 
the SNF1-Related Kinase 1 (SnRK1) family (Halford & Hardie, 1998).  
 
SnRK1 encodes a serine/threonine kinase that has a catalytic domain similar to that of 
Sucrose non-fermenting 1 (SNF1) from yeast and AMP-activated protein kinase 
(AMPK) from mammals (Halford & Hardie, 1998; Slocombe et al., 2002). In yeast, 
SNF1 is one of the main regulators of carbon metabolism and mediates the diauxic 
shift from fermentative to oxidative metabolism in response to glucose starvation 
(Celenza & Carlson, 1984; Celenza & Carlson, 1986). AMPK, the mammalian 
counterpart of SNF1, is an energy sensor that regulates energy balance by activating 
the processes that produce energy, while inhibiting those that consume energy 
(Carling, 2004; Hardie, 2004; Hardie & Sakamoto, 2006). In addition to the control of 
whole-body glucose homeostasis, AMPK also serves as an inter-tissue signal 
integrator in response to diverse hormones (Long & Zierath, 2006). In plants, SnRK1 
kinases play an important role in the global regulation of metabolism, and are also 
involved in plant development and stress responses (Polge & Thomas, 2007). SnRK1 
regulates carbohydrate metabolism in potatoes (Purcell et al., 1998). In the moss 
Physcomitrella patens, SnRK1 malfunction leads to a defect in starch accumulation 
(Thelander et al., 2004). SnRK1-antisense transgenic pea seeds have a higher 
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carbon/nitrogen ratio than wild type (Radchuk et al., 2006). Disruption of the catalytic 
α-subunit of SnRK1 in transgenic barley causes abnormal pollen development and 
male sterility (Zhang et al., 2001). The rice SnRK1 protein kinase acts as an important 
intermediate in sugar signalling cascade and plays a key role in seed germination and 
seedling growth (Lu et al., 2007). SnRK1s from different plant species can 
complement the yeast snf1△  mutant phenotype, demonstrating an evolutionary 
conservation in their function (Alderson et al., 1991; Muranaka et al., 1994; Takano 
et al., 1998; Bhalerao et al., 1999; Bouly et al., 1999; Lovas et al., 2003; Rolland et 
al., 2006).  
 
SNF1, AMPK-α, and SnRK1 serve as the catalytic α-subunits that are associated with 
other two regulatory subunits (β-type and γ-type) in the conserved heterotrimeric 
kinase SNF1/AMPK/SnRK1 complexes found in fungi, mammals and plants (Polge 
& Thomas, 2007). Association of the three subunits in SNF1/AMPK/SnRK1 
complexes is differentially regulated by various hormonal and environmental signals, 
cell and tissue types, and developmental stages. In yeast, β subunits anchor α and γ 
subunits, thus directing the kinase complexes into their targets or specific subcellular 
localizations, while γ subunits function in activating the kinase activity of α subunits 
(Celenza & Carlson, 1989; Jiang & Carlson, 1997; Vincent et al., 2001; Hedbacker et 
al., 2004).  
 
Three γ-type subunits (AMPKγ1, AMPKγ2, AMPKγ3) in mammals have been 
identified as being homologous to the γ subunit of the SNF1 complex, SNF4, in yeast 
(Rutter et al., 2003). Furthermore, phylogenetic analysis of SNF4-like plant proteins 
has revealed three subgroups of γ-type subunits in plants: AKINβγ-, AKINγ-, and 
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PV42-type proteins (Bouly et al., 1999; Kleinow et al., 2000; Lumbreras et al., 2001; 
Slocombe et al., 2002; Gissot et al., 2006). While it has been shown that AKINβγ 
contributes to SnRK1 heterotrimeric complexes in Arabidopsis and is possibly 
involved in plant-pathogen interactions (Gissot et al., 2006), the biological function of 
AKINγ- and PV42-type proteins remains unclear. 
 
The conservation among γ-type subunits in fungi, mammals and plants partly lies in 
the four cystathionine-β-synthase (CBS) domains found in these proteins (Bateman, 
1997; Polge & Thomas, 2007). The CBS domain was first discovered in the genome 
of the archaebacterium Methanococcus jannaschii (Bult et al., 1996; Bateman, 1997). 
It is about 60 residues long, and composed of a sheet of three β strands packed with 
two α helices.  The CBS domain-containing proteins comprise a large family of 
evolutionarily conserved proteins that have been found in all kingdoms of life, among 
which the mammalian ones are so far the best characterized.  
 
In humans, CBS domain-containing proteins are highly diversified and have been 
found to undertake various biological roles, ranging from metabolic enzymes and 
transcriptional regulators to ion channels and transporters (Ignoul & Eggermont, 
2005). They include the above-mentioned AMPK (5'-AMP-activated protein kinase) 
(Woods et al., 1996), IMPDH (inosine-monophosphate dehydrogenase) (Sintchak et 
al., 1996), cystathionine-beta-synthase (Kluijtmans et al., 1996), CLC (chloride 
channels) (SchmidtRose & Jentsch, 1997), et al. Point mutations in the CBS domain 
cause several hereditary diseases, such as homocystinuria, retinitis pigmentosa, 
hypertrophic cardiomyopathy, myotonia congenital, etc (Ignoul & Eggermont, 2005). 
Despite their clinical relevance, the precise function of CBS domains remains to be 
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established. Depending on the protein in which they occur, CBS domains have been 
proposed to affect multimerization and sorting of proteins, channel gating, and ligand 
binding (Ignoul & Eggermont, 2005). In AMPK, the CBS motifs function as dimers 
to form two domains which constitute the site of fixation of the regulatory AMP or 
ATP molecules, suggesting that CBS domains might act as sensors of intracellular 
metabolites (Kemp, 2004; Scott et al., 2004).  
 
In contrast, very few information is available for the CBS domain-containing proteins 
in plants. So far, 48 Arabidopsis proteins have been designated as CBS domain-
containing proteins (Ignoul & Eggermont, 2005), which include γ-type subunits of the 
SnRK1 kinase complex. 
 
 
1.3 The ERF/AP2 transcription factor family 
 
ERF/AP2 proteins, which harbor one or two AP2 domains, comprise a large family of 
transcription factors in plants, with around 150 in Arabidopsis, and hundreds more in 
other plant species (Okamuro et al., 1997; Riechmann et al., 2000; Sakuma et al., 
2002; Wessler, 2005). Consistent with their abundance, the ERF/AP2 transcription 
factor family plays diverse roles throughout the plant life cycle, including regulation 
of development and mediation of responses to abiotic stresses such as salt, drought 
and cold, as well as to biotic stresses such as fungal pathogen infections (Sakuma et 




The ~60 amino acid long AP2 domain was first discovered as a duplicated motif in 
the Arabidopsis APETALA2 (AP2) protein and therefore named as AP2 (Komaki et 
al., 1988; Jofuku et al., 1994). Shortly afterwards, it was identified as a novel type of 
DNA binding domain in ethylene-responsive element binding proteins (EREBPs) in 
tobacco, exhibiting no structural homology with previously reported DNA binding 
domains (Ohmetakagi & Shinshi, 1995). The AP2 domain (also designated as the 
ERF domain) of EREBPs was shown to specifically bind a cis-acting element, the 
GCC box, in the promoter regions of ethylene-inducible pathogenesis-related genes, 
which is essential for ethylene responsiveness (Ohmetakagi & Shinshi, 1995; Hao et 
al., 1998). Genes encoding proteins which contain the AP2 domains are herein 
collectively referred to as the ERF/AP2 transcription factor family. 
 
Unlike other DNA binding domains (e.g. MADS, bHLH, etc), which are conserved 
across various kingdoms, the AP2 domain appears to be plant specific and so far the 
majority of the ERF/AP2 transcription factors are found to be present in plants only 
(Riechmann et al., 2000; Wessler, 2005). Beyond the plant kingdom, only a single 
eukaryote, the ciliate Tetrahymena thermophila, is known to harbor an AP2 domain, 
and all others are either in bacteria or in their phages (Magnani et al., 2004; 
Wuitschick et al., 2004; Wessler, 2005). It is proposed that the plant AP2 domain 
might have originated from DNA transfer during the evolution of chloroplast from 
endosymbiosis of an ancestral cyanobacterium (Magnani et al., 2004). 
 
Based on similarities in the DNA binding domains, the genes encoding ERF/AP2 
proteins in the Arabidopsis genome are divided into five classes: AP2 subfamily (14 
genes), RAV subfamily (6 genes), DREB subfamily (55 genes; group A), ERF 
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subfamily (65 genes; group B), and others (4 genes) (Riechmann et al., 2000; Sakuma 
et al., 2002). Details of the classification are listed in Table 1.1. The AP2 subfamily is 
composed of 14 members, all of which contain two copies of the AP2 domain. The 
RAV subfamily members all contain an AP2 domain as well as the B3 domain of 
VP1/ABI3 transcription factors (Kagaya et al., 1999). Members belonging to the 
other three subfamilies are all single-AP2-domain-containing transcription factors and 
the majority of them (approximately 125 genes) fall into the DREB and the ERF 
subfamilies. The DREB subfamily (or Group A) consists of proteins with DNA 
binding domains most similar to the dehydration-responsive element-binding proteins 
(DREB) , while proteins with binding domains most similar to AtERF1 are grouped 
into the ERF subfamily (or Group B) (Sakuma et al., 2002; Gutterson & Reuber, 
2004). On the basis of their conserved regions, the DREB and ERF subfamilies are 
further divided into 6 subgroups each (Sakuma et al., 2002).  
 
Members of the AP2 subfamily generally function as key regulators of plant 
development, while the other subfamilies of the ERF/AP2 transcription factors are 
frequently reported to be involved in abiotic and biotic stress responses, though they 
also sometimes play a role in plant growth and development. Because of the large size 
of the gene family and the high homology in DNA binding domains and stress 
response elements, it is possible that some members of the ERF/AP2 transcription 
factor family are (partially) functionally redundant in mediating plant adaptations to 
stresses (Riechmann & Meyerowitz, 1998). This notion is supported by the 
observation that very few of the ERF/AP2 genes related to stress responses are 
reported to exhibit visible phenotypes in the single loss-of-function mutants. 
Exceptions are the maize BD1 (Chuck et al., 2002) and its rice ortholog FZP 
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(Komatsu et al., 2003), and also the Arabidopsis DREB genes ABI4 (Finkelstein et al., 
1998) and CBF2 (Novillo et al., 2004) that control development and responses to cold 
and drought stresses respectively. On the other hand, overexpression of the ERF/AP2 
family genes usually confers stress tolerance.  
 
Representative genes of the AP2 subfamily include APETALA2 (AP2), 
AINTEGUMENTA (ANT), and Related-to-AP2.7 (RAP2.7) (Table 1.1). In Arabidopsis, 
the APETALA2 protein is a central player in various developmental processes, 
including the specification of floral organ identity, the establishment of floral 
meristem, suppression of floral meristem indeterminacy, development of ovule and 
seed, and the regulation of expressions of floral homeotic genes such as AGAMOUS 
(Komaki et al., 1988; Drews et al., 1991; Jofuku et al., 1994). The Arabidopsis ANT 
gene is required for ovule development and floral organ growth (Elliott et al., 1996; 
Klucher et al., 1996; Baker et al., 1997). TARGET OF EAT1 (TOE1, or RAP2.7) and 
its closest homolog, TOE2, are downregulated by miRNA 172 and act as floral 
repressors in Arabidopsis (Aukerman & Sakai, 2003). Beyond Arabidopsis, the maize 
Glossy 15 (Gl15) protein, which contains repeated AP2 domains, regulates leaf 
epidermal cell identity (Moose & Sisco, 1996). 
 
RAV1 and RAV2 are representative genes of the RAV subfamily. They were first 
identified in 1999 as novel DNA-binding proteins, with an AP2 domain at their N-
terminus which recognizes the CAACA sequence, and a B-3 domain at their C-
terminus which recognizes the CACCTG sequence (Kagaya et al., 1999). Subsequent 
studies revealed the involvement of RAV1 in stress responses as well as plant growth 
and development. RAV1 is upregulated in response to low temperatures and is under  
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AP2 Double AP2  14 
APETALA2, 
AINTEGUMENTA, RAP2.7 
RAV Single AP2 +  B3  6 RAV1, RAV2 
DREB 
Single AP2 
A-1 6 DREB1/CBF, DDF1 
A-2 8 DREB2 
A-3 1 ABI4 
A-4 16 TINY 
A-5 16 RAP2.1, 9, 10 
A-6 9 RAP2.4 
Subtotal  56  
ERF 
Single AP2 
B-1 15 AtERF3, 4, 7, 8, 9, 10 
B-2 5 AtEBP, RAP2.2 
B-3 18 AtERF1, 2, 5, 6, ERF1 
B-4 7 
RAP2.6, RAP2.6L, ABR1, 
AtERF14 
B-5 8 CRF 
B-6 12 RAP2.11 
Subtotal  65  
Others Single AP2  4 AL079349 




circadian regulation (Fowler et al., 2005). Also, it is downregulated by brassinosteroid 
and may function as a negative regulatory component in plant development (Hu et al., 
2004). Overexpressing RAV1 in Arabidopsis results in a retardation of lateral root and 
rosette leaf development, while underexpression causes an early flowering phenotype 
(Hu et al., 2004). 
 
Members of the DREB subfamily  such as the C-repeat binding factor (CBF) and 
DREB genes (CBF/DREB1) subgroup are predominantly involved in the regulation of 
abiotic stress responses (Thomashow, 1999; Gutterson & Reuber, 2004). All three 
CBF/DREB1 genes are highly induced by low temperature and further lead to the 
induction of cold-responsive (COR) genes (Gilmour et al., 1998). CBF1 (DREB1B) 
functions as a transcriptional activator that binds to the C-repeat/DRE DNA 
regulatory element and plays a role in cold- and dehydration-regulated gene 
expression (Stockinger et al., 1997). CBF3 (DREB1A) and DREB2 (DREB1C) were 
shown to function as trans-acting factors in two separate signal transduction pathways 
under low-temperature and dehydrated conditions, respectively (Liu et al., 1998). 
Overexpression of CBF3 (DREB1A) causes a dwarf phenotype, and at the same time 
enhances freezing and dehydration tolerance in Arabidopsis, while ectopic expression 
of DREB2 results in growth retardation only (Liu et al., 1998). Overexpression of 
HARDY (HRD), a member of the DREB subfamily A-4, increases drought and salt 
tolerance in Arabidopsis (Karaba et al., 2007). More interestingly, constitutive 
expression of the Arabidopsis HRD in rice also improves drought resistance and water 
use efficiency (Karaba et al., 2007), providing substantial evidence of the functional 
conservation of ERF/AP2 transcription factors among various plant species, and at the 




Some DREB proteins participate in both development and stress responses. One 
example, the DWARF AND DELAYED FLOWERING 1 (DDF1) gene, which encodes 
a transcription factor of the DREB subfamily A-1, is strongly responsive to high 
salinity and reduces bioactive GAs through upregulating the gibberellins-deactivating 
gene GA2ox7 under high salt stress, eventually leading to growth retardation 
(Magome et al., 2004; Magome et al., 2008). In addition,  the DREB A-4 subgroup 
member RAP2.4 acts at or downstream of a converging point of light and ethylene 
signalling pathways to coordinately regulate multiple developmental processes and 
stress responses (Lin et al., 2008). Ectopic expression of TINY, which belongs to the 
DREB subfamily A-4, leads to pleiotropic phenotypes, including reduced cell 
expansion and disorganized cell arrangement in some organs of Arabidopsis (Wilson 
et al., 1996).  
 
The ERF subfamily consists of 65 transcription factors, which are involved in plant 
defense to environmental stresses (abiotic and biotic) as well as plant growth and 
development.  Almost all of the ERF/AP2 genes that have been linked to disease 
resistance responses belong to the ERF subfamily (Gutterson & Reuber, 2004). Some 
ERF genes are regulated by disease-related stimuli, such as ethylene, jasmonic acid 
(JA), and salicylic acid (SA), and infection by virulent or avirulent pathogens (Onate-
Sanchez & Singh, 2002; Lorenzo et al., 2003; Gutterson & Reuber, 2004; McGrath et 
al., 2005), while others are induced by wounding and abiotic stresses (Fujimoto et al., 
2000; Park et al., 2001; Chen et al., 2002; Tournier et al., 2003). It is noteworthy that 
several ERF transcription factors that confer enhanced disease resistance when 
overexpressed, such as ERF1, Pti4 and AtERF1, are also transcriptionally regulated 
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by pathogens, ethylene, and JA (Fujimoto et al., 2000; Onate-Sanchez & Singh, 2002; 
Brown et al., 2003; Lorenzo et al., 2003).  
 
AtERFs, the factors that respond to extracellular signals to modulate GCC box–
mediated genes expressions, are differentially regulated by ethylene and abiotic stress 
conditions, such as wounding, cold, high salinity, or drought, via ETHYLENE 
INSENSITIVE2 (EIN2)-dependent or independent pathways (Fujimoto et al., 2000). 
The ERF subfamily B-3 members AtERF1, AtERF2, and AtERF5 function as 
activators of GCC box–dependent transcription. In contrast, the ERF subfamily B-1 
members AtERF3 and AtERF4 act as transcriptional repressors (Fujimoto et al., 2000) 
in response to induction by ethylene, JA, and an incompatible pathogen (Brown et al., 
2003). AtERF4 is a negative regulator of JA-responsive defense gene expression and 
null mutants are more resistant to Fusarium oxysporum than wild-type (McGrath 
ethylene al., 2005).  
 
Expression of the ERF subfamily B-2 gene AtEBP is inducible by exogenous ethylene 
in wild-type plants and AtEBP transcripts are increased in the ctr1-1 mutant, where 
ethylene-regulated pathways are constitutively active (Buttner & Singh, 1997). On the 
basis of experimental evidence, the cross-coupling between AtEBP and the bZIP 
transcription factors in regulating gene expression during the plant defense response 
has been proposed (Buttner & Singh, 1997).  
 
ERF1, a member of the B-3 subgroup, is induced synergistically by ethylene and JA, 
and such induction is dependent on an intact signal transduction pathway for both 
hormones, indicating that ERF1 might be an integration point of ethylene and JA 
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(Lorenzo et al., 2003). ERF1 is involved in a cascade of transcriptional regulation 
initiated by ethylene, it is directly activated by EIN3 and acts downstream of all other 
components of the ethylene signalling pathway (Solano et al., 1998). Constitutive 
expression of ERF1 activates a variety of ethylene response genes, confers resistance 
to several necrotrophic fungi, and leads to a subset of constitutive ethylene responses, 
including inhibition of root growth and hypocotyl elongation (Solano et al., 1998; 
Berrocal-Lobo et al., 2002).  
 
Among the seven genes in the B-4 subgroup of ERF subfamily, three have been 
characterized, including ABR1 (Pandey et al., 2005), AtERF14 (Onate-Sanchez et al., 
2007), and RAP2.6L (Che et al., 2006). ABR1 functions as a repressor of ABA 
response in Arabidopsis (Pandey et al., 2005). The ABR1 gene is highly induced by 
ABA and abiotic stresses, including cold, drought, high salt, and osmotic stress. The 
loss-of-function mutants of ABR1 are hypersensitive to ABA, high salt and osmotic 
stress. AtERF14 is essential for defense responses to biotic stresses conferred by the 
fungus Fusarium oxysporum, and overexpression of AtERF14 causes severe growth 
retardation and enhanced defense genes expressions (Onate-Sanchez et al., 2007). 
Moreover, AtERF14 is required for the expression of other ERF genes (such as ERF1 
and AtERF2) which are involved in defense and ethylene/JA responses (Onate-
Sanchez et al., 2007). RAP2.6L is involved in regulating the expression of many other 
genes during shoot regeneration (Che et al., 2006). 
 
Taken together, the ERF/AP2 transcription factors play crucial roles in various 
biological processes, with the AP2 subfamily mainly involved in plant development, 
while the DREB and ERF subfamilies most frequently involved in plant responses to 
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environmental stresses and stress-related phytohormone stimuli. However, regardless 






The discovery of small noncoding RNAs (20-30 nt) that regulate genes and genomes 
has opened up a novel field of research in RNA molecular biology in the last decade. 
Although lately discovered (in 1990s), small RNAs (sRNAs) represent a large family 
of gene regulatory molecules in animals, plants, and fungi (Bartel, 2004; Bartel, 2009). 
The sRNAs-mediated gene regulation is generally inhibitory and so is called RNA 
silencing. RNA silencing occurs at some of the most important levels of genome 
function, including chromatin structure, chromosome segregation, transcription, RNA 
processing, RNA stability, and translation (Carthew & Sontheimer, 2009; Malone & 
Hannon, 2009). Extensive studies have revealed that sRNAs serve as the specificity 
components of a protein machinery known as the RNA-induced silencing complex 
(RISC) and guide the recognition of target nucleic acid molecules via conserved 
Watson-Crick base pairing (Carthew & Sontheimer, 2009). Understanding of sRNAs 
and pathways associated with RNA silencing has taken on great importance in 
practical and applied realms. 
 
Based on various aspects of their origins, structures, associated effector protein, and 
biological roles, the currently known sRNAs can be grouped into three main 
categories: short interfering RNAs (siRNAs), microRNAs (miRNAs), and piwi-
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interacting RNAs (piRNAs) (Bartel, 2009; Carthew & Sontheimer, 2009). The 
differences between si/miRNAs and piRNAs are relatively distinct. siRNAs and 
miRNAs are derived from double-stranded precursors, and are widely distributed in 
both phylogenetic and physiological terms (Carthew & Sontheimer, 2009). In contrast, 
piRNAs are derived from precursors which appear to be single stranded, and are 
mainly found in animals, exerting their functions most clearly in the germline 
(Carthew & Sontheimer, 2009; Malone & Hannon, 2009). Furthermore, siRNAs and 
miRNAs bind to members of the Ago clade of Argonaute proteins, whereas piRNAs 
bind to members of the Piwi clade (Carthew & Sontheimer, 2009; Malone & Hannon, 
2009).  
 
Despite the similarities in size and effector machinery between siRNAs and miRNAs, 
distinctions exist in their origins and modes of operation. First, primary miRNAs (pri-
miRNAs) are transcribed from miRNA genes which are distinct from canonical 
protein-coding genes, whereas siRNAs are often derived from exogenous double-
stranded RNAs (dsRNAs), transposons, viruses, or heterochromatic DNA (Bartel, 
2004). Therefore, in the view of gene regulatory landscape, miRNAs are regulators of 
endogenous genes, while siRNAs are defenders of genome integrity in response to 
foreign or invasive nucleic acids (Carthew & Sontheimer, 2009). Second, pri-
miRNAs can form local RNA stem-loop structures with incomplete double-stranded 
character, whereas precursors of siRNAs are long, fully complementary dsRNAs 
(Tomari & Zamore, 2005; Carthew & Sontheimer, 2009). Third, a single 
miRNA:miRNA* duplex is precisely excised as a discrete species from the stem of 
each miRNA precursor molecule, whereas siRNA duplexes occur as populations from 
each siRNA precursor molecule, resulting in many different siRNA species 
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accumulating from both strands of this extended dsRNA (Bartel, 2004; Voinnet, 
2009). Fourth, siRNAs typically specify “auto-silencing”, in that they specify the 
silencing of the same locus (or very similar loci) from which they originate, whereas 
miRNAs specify “hetero-silencing”, in that they are produced from genes that specify 
the silencing of very different genes (Bartel, 2004). 
 
miRNAs are endogenous ~23 nt RNAs that play important gene-regulatory roles in 
animals and plants by pairing to the mRNAs of protein-coding genes to bring about 
cleavage or translational repression (Bartel, 2004; Bartel, 2009). miRNAs play key 
roles in a wide range of biological processes, including development, hormonal 
control, immune responses and adaptation to a variety of biotic and abiotic stresses 
(Bartel, 2004; Megraw et al., 2006; Voinnet, 2009). The first miRNA was discovered 
in Caenorhabditis elegans in 1993 as an endogenous negative regulator of genes that 
control developmental timing (Lee et al., 1993). Identification and characterization of 
the plant miRNAs were first reported in 2002 (Reinhart et al., 2002). Plant miRNAs 
were found amid a maelstrom of heterogeneous 19-24 nt-long RNA species siRNAs 
that mediate endogenous gene silencing at both the transcriptional and 
posttranscriptional levels (Voinnet, 2009). Plant and animal miRNAs are highly 
similar not only in terms of their activity but also in terms of their biogenesis and 
genomic evolution, suggesting that plant and animal miRNAs did not evolve 
independently (Chen, 2005; Voinnet, 2009).  
 
The action of most plant miRNAs commonly entails a combination of target 
degradation and translational repression, which presumably affects the pool of 
transcripts remaining after cleavage (Mallory & Bouche, 2008; Brodersen & Voinnet, 
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2009). The default state of plant miRNAs is to bring their targets under translational 
as well as RNA stability control, with the two layers of regulation not necessarily 
coinciding spatially or temporally (Mallory & Bouche, 2008; Brodersen & Voinnet, 
2009). The combination of both mechanisms in plant miRNA action would have the 
advantage of adding flexibility to miRNA functions. 
 
Computational studies and experimental evidence have revealed that for the vast 
majority of miRNAs in animals, conserved Watson-Crick pairing to the 5‟ region of 
the miRNA centered on nucleotides 2-7 (the so-called miRNA “seed”) is important 
for miRNA target recognition (Brodersen & Voinnet, 2009). Such conserved pairing 
to the seed regions has been adopted to predict animal miRNA targets with increased 
prediction specificity. In plants, near-perfect complementarity has been the exclusive 
target identification criterion of miRNAs (Reinhart et al., 2002; Voinnet, 2009). 
Approaches to discover plant miRNA target include 5‟ RACE, transcript profiling and 
cloning and sequencing of 3‟-cleavage products of miRNA target transcripts (Llave et 
al., 2002; Dunoyer et al., 2004; Souret et al., 2004).  
 
The use of siRNAs to evoke gene silencing in mammalian cells has almost become a 
routine laboratory practice. siRNAs can be introduced into organisms either via direct 
microinjection, electroporation, and transfection or via transgenic expression of a 
double-stranded precursor that folds back on itself as a hairpin (He & Hannon, 2004; 
Aigner, 2007). Sequence parameters that lead to particularly effective gene silencing 
by siRNAs have been identified through systematic analyses of siRNA effects 
(Reynolds et al., 2004). However, siRNAs can also affect RNAs that are not perfectly 
complementary, generally considered as off-targets (Jackson et al., 2003; Doench and 
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Sharp, 2004). In addition, long double-stranded precursors generate a multitude of 
siRNAs with varying 5‟ and 3‟ ends, which make the prediction of off-targets 
particularly difficult (Jackson et al., 2003; Doench and Sharp, 2004). 
 
In 2006, Schwab et al. established and automated a technique to design artificial 
microRNAs (amiRNAs) for specifically targeting endogenous mRNAs in Arabidopsis 
(Schwab et al., 2006). Parameters derived from analysis of natural miRNAs were 
incorporated into the design of amiRNAs. Gene-specific amiRNAs were introduced 
into the PRS300 vector which contains the MIR319a microRNA, via overlapping 
PCR. Then the cloned amiRNAs were overexpressed in Arabidopsis to silence the 
target genes. The authors found that amiRNAs can effectively silence both single and 
multiple target genes, with little evidence for the formation of secondary siRNAs, 
which is consistent with the findings for most natural plant miRNAs (Lu et al., 2005). 
Overexpression of amiRNAs designed to target single and multiple genes resulted in 
robust and strong phenotypes which resembled those of plants with mutations in the 
respective target genes (Schwab et al., 2006). Known determinants of target selection 
for natural miRNAs (Schwab et al., 2005) accurately predicted direct targets of 
amiRNAs, indicating that the plant silencing machinery acts with higher specificity 
than its animal counterpart. In support of their potential as a gene-silencing tool, 
amiRNAs have been shown to have only limited non-autonomous effects and are 
effective when expressed under the control of an inducible promoter (Schwab et al., 
2006).  
 
Compared with conventional siRNAs, amiRNAs offer several advantages (Schwab et 
al., 2006). First, in general, only a single effective microRNA of known sequence is 
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generated by miRNA precursors. In contrast, more than one siRNAs with undefined 5‟ 
and 3‟ ends are produced as a silencing trigger from hairpin constructs. Therefore, 
potential off-targets of amiRNAs can be more accurately predicted than those of the 
siRNA longer hairpin constructs. Second, because miRNA-insensitive variants can be 
generated that do not differ in the encoded protein sequence of targets (Palatnik et al., 
2003), mutant defects of amiRNA-expressing plants can be complemented, which is 
not easily possible with RNA silencing plants. Third, because of their exquisite 
specificity, amiRNAs can possibly be adapted for allele-specific knockouts. Fourth, as 
with natural miRNAs, amiRNAs are likely to be particularly useful for targeting 
groups of closely related genes, including tandemly arrayed genes. 
 
Ever since the invention of the automated designing, amiRNAs have been widely 
used to specifically silence single or multiple genes in a broad range of species, 
including Arabidopsis, rice, tomato, moss, algae, and fungi (Niu et al., 2006; Qu et al., 
2007; Khraiwesh et al., 2008; Molnar et al., 2009; Zhao et al., 2009). The specificity 
and efficiency of the amiRNA technique have been validated. 
 
 
1.5 Objectives of this study 
 
The objectives of this study are to elucidate the mechanisms of DELLA target genes 









Materials and methods 
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2.1 Plant materials and growth conditions 
 
All Arabidopsis thaliana plants used in this study were in the Columbia (Col-0) 
background. The seeds of atpv42b-1 (SAIL_563_D10, CS823876) were obtained 
from the Arabidopsis Biological Resource Centre. 
 
Seeds of Arabidopsis were spread onto filter paper which was soaked with tap water. 
After 2 to 5 days of cold treatment at 4 °C (stratification), seeds were transferred with 
fine forceps onto compost soil in shallow trays consisting of individual 4 × 4 cm pots, 
usually with 5 seeds per pot. Covered with plastic domes, trays were transferred to the 
shelf in an environmentally controlled growth room at 22 °C with a light cycle of 16-
h-light/8-h-dark. Domes were removed after seed germination. Plants were watered 
every two days with tap water.  
 
For plants grown on MS (Murashige and Skook) plates, seeds were surface-sterilized 
with 70% ethanol + 0.1% TritonX 100 (three times) and 95% ethanol (once). 
Sterilized seeds were poured onto filter paper with 95% ethanol and air dried under 
the laminar flow hood. Dried seeds were evenly spread onto MS agar plates. Plates 
were sealed with parafilm and transferred to a tissue culture room at 22 °C with a 




2.2 Crossing of Arabidopsis 
 
From the inflorescence of the mother plant, mature siliques as well as open flowers 
and buds that already had a white tip were removed with fine forceps. The 
inflorescence was fixed gently under a stereo microscope. The tips of two pairs of fine 
forceps were cleaned with 96% ethanol and dried with a tissue. The meristem with 
those buds that are too small was removed. One flower bud was opened by inserting 
the tip of one pair of forceps between petals and sepals. All immature anthers were 
removed with the other pair of forceps. The emasculated inflorescence was marked 
with a piece of thread around its stem. The plant was then grown for 1-2 days till the 
stigmata developed a rough, sticky surface. The emasculated inflorescence was fixed 
again under the stereo microscope. An open, mature flower (but not yet yellow) was 
taken from the father plant with one pair of forceps and brought under the stereo 
microscope. The filament of an anther with visible pollen shedding was held with the 
other pair of forceps. The stigma was tapped with the anther to be covered with pollen 
grains as much as possible. A second male flower was taken if necessary. The 
pollinated inflorescence was marked with a coloured thread and the cross was 
documented (mother, father, date, colour code, number of pollinated flowers). The 
plant was grown normally for 15-25 days till the maturation of siliques with the 
hybrid seeds. Hybrid seed were harvested when the siliques turned a little yellow, but 
prior to opening, and were kept in the dry box (RH 20-30%) for a couple of days at 
room temperature for further maturation. 
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2.3 Hormone and stress treatments 
 
Hormone and stress treatments on Arabidopsis seedlings were performed as described 
before (Kim et al., 2003; Pandey et al., 2005). For ABA and PAC treatments, 4-d-old 
seedlings grown on MS agar plates were soaked with 100 µM ABA (from a 100 mM 
stock in methanol, stored at -20 °C), 10 µM PAC (from a 100 mM stock in ethanol, 
stored at -20 °C), and the mock solutions, respectively. For salt and osmotic stress 
treatments, 4-d-old seedlings grown on MS agar plates were soaked with 300 mM 
NaCl, 400 mM Mannitol, and H2O (as the mock), respectively. Seedlings treated with 
hormone and abiotic stresses were incubated at room temperature under white light. 
For drought treatment, 4-d-old seedlings grown on MS agar plates were exposed in 
the laminar flow hood for dehydration. For cold treatment, 4-d-old seedlings grown 
on MS agar plates were incubated at 4 °C. Total RNA was extracted from whole 
seedlings at different time points. All experiments were repeated at least three times, 
and the real-time PCR results were shown as the mean ± standard deviation. 
 
For seedling stress treatments, 2-day-old seedlings grown on MS agar plates were 
carefully transferred to MS agar plates with 1 µM ABA, 200 mM NaCl, 500 mM 
Mannitol, 4% (w/v) Glucose, respectively, and then grown in the tissue culture room 
as normal. Seven days after transferring, the seedlings were observed for various 
assays, including growth inhibition, root elongation, and stress tolerance. 
 
For adult plant salt tolerance assay, 14-day-old plants grown in soil in a 
environmentally controlled growth chamber were watered with 300 mM NaCl twice a 
day for two weeks, and then watered with tap water for another two weeks. The plants 
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were then observed for the survival assay. For adult plant drought tolerance assay, 14-
day-old plants grown in soil in a growth chamber were grown without watering for 
two weeks, and then re-watered normally for another two weeks, the plants were 
observed for the survival assay. For adult plant cold tolerance assay, 14-day-old 
plants grown in soil in a growth chamber were incubated at -10 °C for 24 h, and then 
grown under normal conditions for two weeks for the survival assay.  
 
 
2.4 Seed germination assay 
 
Plants for seed germination test were grown together (side by side) in an 
environmentally controlled growth chamber at 22-23 °C with a light cycle of 16-h-
light/8-h-dark. Dry seeds were harvested simultaneously and stored in a dehumidifier 
cabinet for at least 2 months before carrying out germination assays. The Arabidopsis 
seeds were surface-sterilized as described before, then plated onto the appropriate 
media at a density of around 100 per plate. The plates were wrapped with aluminum 
foil and stratified for 48 h at 4 °C. Aluminum foil was then removed and the plates 
were transferred to a long-day tissue culture room at 22 °C. Seed coat breaking was 
applied as the criterion of germination. Germination rate was scored as a percentage 
of seeds sown and for each group at a series of time points. For hormone-induced 
stress, ABA assay plates were MS plates with 5 µM ABA from a 100 mM stock in 
methanol, stored at -20 °C. PAC assay plates were MS plates with 5 µM PAC from a 
100 mM stock in ethanol, stored at -20 °C. Osmotic assay plates were MS plates 
supplemented with 150 mM NaCl, 500 mM Mannitol, and 4% (w/v) Glucose, 
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respectively. All experiments were repeated at least three times, and the germination 
rates were shown as the mean ± standard deviation. 
 
 
2.5 Measurement of flowering time 
 
Leaf number was adopted as the criterion for flowering time. Rosette and cauline 
leaves on the primary shoot were counted until flowers formed. At least 15 plants 
were examined for each genotype and environment. The flowering times of the plants 
were expressed as the total number of primary leaves. 
 
 
2.6 Transverse sections and light microscopy  
 
The preparation of transverse sections was as described before (Sanders et al., 1999). 
Plant inflorescences were fixed overnight in the fixative (2.5% (v/v) glutaraldehyde, 
in 1 × PBS) and dehydrated in a graded ethanol series (30%, 40%, 50%, 60%, 70%, 
85%, 95%, 4 × 100%), embedded in histowax, and transverse-sectioned into 8 µm 
thick sections using a microtome. The ribbon of tissues was then floated on top of 
water on a slide. After the ribbon flattened out, water was drained off using a piece of 
Kimwipe tissue, and slides were allowed to incubate on 42 °C slide warmer overnight 
so that tissues adhered to slide. The transverse sections were deparaffinised with 2 × 
histoclear and rehydrated with a graded ethanol series (95%, 90%, 80%, 60%, and 
30%). After being rinsed with water, the sections were stained with 1% toluidine blue 





2.7 Scanning electron microscopy (SEM) 
 
SEM was performed following the previously published procedure (Wang et al., 
2008). Pistils of 1 to 2 DAP were carefully opened with a sharp needle and fixed with 
FAA (50% ethanol, 3.7% formaldehyde, and 5% acetic acid) for 2 h, then dehydrated 
using increasing concentrations of ethanol (30%, 50%, 70%, 80%, 90%, 100%). After 
replacing absolute ethanol with the transfer liquid (amyl acetate), pistils were dried in 
a critical point drying apparatus, then mounted for sputter coating with gold palladium 
for 25 sec and observed on a Joel JSM-6360LV scanning electron microscope at an 
accelerating voltage of 20 kV. 
 
 
2.8 Transmission electron microscopy (TEM) 
 
The protocol of TEM was modified according to the previous publication (Jakobsen 
et al., 2005). Inflorescences were collected and fixed overnight with 2.5% (v/v) 
glutaraldehyde in 1 × PBS (0.1 M, pH7.4), washed with 1 × PBS for five times (20 
min each) and postfixed in 1% OsO4 for 16 h at 4 °C in 1 × PBS. The specimens were 
washed with 1 × PBS for five times and dehydrated in a graded ethanol series (30%, 
50%, 70%, 80%, 90%, and 100%). Absolute ethanol was replaced by epoxy 
dimethylmethane. The specimens were then embedded in Epon 812 resin. Semi-thin 
sections (2-4 µm thick) were obtained using glass knives and stained with 0.5% 
toluidine blue in 1 × PBS, then examined using light microscope to confirm the 
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developmental stages of microspores. Selected semi-thin sections were cut into 80-90 
nm thick sections using a diamond knife with Leica Ultra-S microtome, stained with 2% 
uranyl acetate for 90 min and 6% lead citrate for 15 min, and observed with JEM-
1230 transmission electron microscope at 90 kV. 
 
 
2.9 Aniline blue staining of pollen tubes 
 
Aniline blue staining of pollen tube growth in pistils was carried out following the 
published procedures with slight modifications (Mori et al., 2006). Arabidopsis pistils 
one- or two-days after manual pollination were collected and put in a plastic tube of 
the fixative: glacial acetic acid/100% ethanol (1/3). The air in the capped tube was 
aspirated using a 50 ml-syringe with 18 gauge until the specimen did not release any 
bubbles. The tube was left for at least 2 h at room temperature (RT). The fixative was 
then exchanged to 70% EtOH and left for 10 min at RT. The same treatment was done 
using 50% EtOH, 30% EtOH, and distilled water for rehydration. The specimen was 
carefully moved into the small petri dish with 1 M NaOH. The dish was left with its 
lid overnight at RT. The 1 M NaOH solution was exchanged to distilled water 
carefully. The dish was left for 10min at RT. Distilled water was carefully exchanged 
to DABS (0.1% (w/v) aniline blue in 108 mM pH~8.4 K3PO4) and left for at least 2 h 
under dark condition using a piece of aluminum foil at RT. Each pistil was immersed 
with extra DABS on the slide, and a cover slip was carefully placed on it from the end 





2.10 Genomic DNA extraction and genotyping PCR 
 
Genomic DNA was extracted and used as the template for genotyping PCR. A small 
piece of Arabidopsis rosette leaf was cut by scissors and put in a clean centrifuge tube 
(1.7 ml). After placing a clean steel ball into the tube with forceps, 200 µl of 
extraction buffer (100 mM Tris-HCl pH 8.0, 250 mM NaCl, 25 mM EDTA, 0.5% 
SDS) were added, and the tube was tightly capped and homogenized at a frequency of 
30 times/sec for 3 min, using a tissue homogenizer. The extraction solution was then 
centrifuged at 12,000 rpm for 5 min to pellet the debris, and the supernatant was 
transferred to a clean centrifuge tube. An equal volume of 100% isopropanol was 
added to the supernatant and mixed well by vortexing, and the tube was centrifuged at 
12,000 rpm for 12 min to pellet DNA. The supernatant was discarded and the pellet 
was washed with 70% ethanol, air-dried on the bench or centrifuged to dry at a 
temperature between 50 and 60 °C, then dissolved with 20 µl of ddH2O and stored at 
-20 °C before use.  
 
Genomic DNA solution (0.5 µl) was taken for genotyping PCR and the reaction 
mixture was prepared as follows: Template (0.5 µl), 5 × Go Taq green buffer (2 µl), 
25 mM MgCl2 (1 µl), 10 mM dNTPs (0.2 µl), forward primer (10 μM) (0.5 µl), 
reverse primer (10 μM) (0.5 µl), Go-Taq (5 U/ µl) (Promega) (0.04 µl), ddH2O was 
added to bring a final volume of 10 µl. The genotyping PCR parameters were set as 
follows: 95 °C 2 min, 35 cycles for (95 °C 30 sec, 58 °C 30 sec, 72 °C 1 min), 72 °C 









Table 2.1 List of primers 
Gene Locus Primer Name Primer Sequences (5’-3’) Annotation 
AT1G15330 
CBS1-1 GATGAAAACGTACCTATCACTTCTCTCTCTTTTGTATTCC cloning, amiRNA 
CBS1-2 GAGAAGTGATAGGTACGTTTTCATCAAAGAGAATCAATGA cloning, amiRNA 
CBS1-3 GAGACGTGATAGGTAGGTTTTCTTCACAGGTCGTGATATG cloning, amiRNA 
CBS1-4 GAAGAAAACCTACCTATCACGTCTCTACATATATATTCCT cloning, amiRNA 
15330_CDS_F ATAGAATTCAACAGTAGTAGAACACTATGCAAG cloning, overexpression 
15330_CDS_R2 GAAACTAGTGATTACGAAAGAGTAGATCTTAGG cloning, overexpression 
CBS1-InSitu-F CTTGCGTTTCCTTAAAGACCA cloning, InSitu Probe 
CBS1-InSitu-R ATGATATCAGTGAGGGAGACGAC cloning, InSitu Probe 
1g15330-RTL GGGATTCTCACGATGCTTGAC real-time PCR 
1g15330-RTR TGTCCAGAGACTGAGTCCTTCG real-time PCR 
AT1G80090 
CBS2-1 GATGAATAGTCATAGTGTTCAGGTCTCTCTTTTGTATTCC cloning, amiRNA 
CBS2-2 GACCTGAACACTATGACTATTCATCAAAGAGAATCAATGA cloning, amiRNA 
CBS2-3 GACCCGAACACTATGTCTATTCTTCACAGGTCGTGATATG cloning, amiRNA 
CBS2-4 GAAGAATAGACATAGTGTTCGGGTCTACATATATATTCCT cloning, amiRNA 
80090_CDS_F GAACTGCAG ATGACATATATGAATAATGAAG cloning, overexpression 
80090_CDS_R2 AATACTAGTTTGCGAGTTAAAACAGATCC cloning, overexpression 
CBS2-InSitu-F TTCTTCGACCAATCCTCTCAA cloning, InSitu Probe 
CBS2-InSitu-R GACCACAGCGATGATGTCAG cloning, InSitu Probe 
1g80090-RTL GTTCATAAGCCTCGTCCCAT real-time PCR 
1g80090-RTR TGGCATTATCAGGAACTTCG real-time PCR 
CBS2-RTL GAGAGGATCATAAACAGCTCGTC real-time PCR 
CBS2-RTR CTCGACGAACTCTAGTGCATTT real-time PCR 
CS823876-LP TACGCAATGCTGAGTCAGATG genotyping PCR 
CS823876-RP GTATGTCATGCTTCTTTGCGC genotyping PCR 









Table 2.1 List of primers (cont’d) 
Gene Locus Primer Name Primer Sequences (5’-3’) Annotation 
AT1G43160 
RAP2.7-1 GATGTAAGATAATAGAGTTGGGCTCTCTCTTTTGTATTCC cloning, amiRNA 
RAP2.7-2 GAGCCCAACTCTATTATCTTACATCAAAGAGAATCAATGA cloning, amiRNA 
RAP2.7-3 GAGCACAACTCTATTTTCTTACTTCACAGGTCGTGATATG cloning, amiRNA 
RAP2.7-4 GAAGTAAGAAAATAGAGTTGTGCTCTACATATATATTCCT cloning, amiRNA 
43160_CDS_F ATACTGCAGATAACAAGAATCATAAACGAGC cloning, overexpression 
43160_CDS_R1 AAGGATCCACCAAAAGAGGAGTAATTGTATTGA (-stop codon) cloning, overexpression 
43160_CDS_R2 GCGACTAGTAGTAGAAATACAAAGCGTTGAC (+stop codon) cloning, overexpression 
1g43160-RTL GCCTCCTCAACCATTGATTACC real-time PCR 




2.11 RNA isolation, reverse transcription, and real-time PCR 
 
Total RNA from different organs (root, stem, rosette leaf, floral bud, open flower, 
cauline leaf, silique, and whole seedling) was isolated using the FavorPrep
TM
 Plant 
Total RNA Mini Kit (Favorgen) and reverse transcribed using the SuperScript™ RT-
PCR System (Invitrogen), according to the manufacturer‟s instructions. Tissues were 
ground under liquid nitrogen and DNase was added to eliminate DNA contamination. 
Real-time PCR amplifications were carried out using the Power SYBR® Green PCR 
Master mix (Applied Biosystems, USA) as previously reported (Liu et al., 2007). The 
reaction mixtures for real-time PCR were prepared as follows: template (diluted 
cDNA, 0.5µl), 2 × SYBR Green mix (2.5 µl), forward primer (10 µM) (0.1 µl), 
reverse primer (10 µM) (0.1 µl), sterile ddH2O was added to bring a final volume of 5 
µl. Primers used for the real-time PCR were listed in Table 2.1.  
 
 
2.12 Plasmid construction 
 
Primers used in plasmid construction were listed in Table 2.1. The cloning PCR 
reaction mixtures were prepared as follows: template (cDNA, 1 µl), 10 × cloned Pfu 
buffer (2 µl), 25 mM MgCl2 (1 µl) (optional), 10 mM dNTPs (0.4 µl), forward primer 
(10 µM) (1 µl), reverse primer (10 µM) (1 µl), cloned Pfu DNA polymerase (2.5 U/µl) 
(Stratagene) (0.2 µl), sterile ddH2O was added to bring a final volume of 20 µl. The 
cloning PCR parameters were set as described before (refer to 2.10 genotyping PCR), 
with adjustments according to the length of fragments and Tm of primers. The PCR 
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products were run on 1% agarose gel, and then the target bands were cut and purified 
using the QIAquick Gel Extraction Kit (QIAGEN).  
 
The digestion reaction mixtures were prepared as follows: purified PCR products or 
plasmid (around 1 µg), 10 × NEB buffer (2.5 µl), restriction enzymes 1 and 2 (New 
England BioLabs) (0.5 µl each), sterile ddH2O was added to bring a final volume of 
25 µl. The reaction mixtures were incubated at 37 °C for 3 h, and then purified using 
QIAquick PCR Purification Kit (QIAGEN).  
 
The ligation reaction mixtures were prepared as follows: digested plasmid (1 µl), 
digested cloning PCR products (up to 7 µl), 10 × BSA (1 µl), 10 × T4 DNA ligase 
buffer (1 µl), T4 DNA ligase (New England BioLabs) (1 µl), sterile ddH2O was added 
to bring a final volume of 10 µl. The reaction mixtures were incubated either at RT 
for 1 h or at 16 °C for overnight, and then directly transformed into the E. coli DH5α 
competent cells.  
 
The artificial microRNAs and primers for subsequent cloning were designed 
following the procedure and criteria on the WMD website 
(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi), using the miR319a precursor-
containing plasmid pRS300 (Schwab et al., 2006) as the template. The final PCR 
products were digested with EcoRI and BamHI, then cloned into the corresponding 
sites of the pGreen0229-35S binary vector (Yu et al., 2004a). The sequences of the 
amiRNAs used in this study were as follows:  5‟-TGAAAACGTACCTATCACTTC-
3‟ (for ATPV42a), 5‟-TGAATAGTCATAGTGTTCAGG-3‟ (for ATPV42b), and 5‟-




To construct 35S:AtPV42a, the coding region of AtPV42a (including stop codon) was 
amplified using primers 15330_CDS_F and 15330_CDS_R2. Similarly, to construct 
35S:AtPV42b, the coding region of AtPV42b was amplified using primers 
80090_CDS_F and 80090_CDS_ R2. The PCR products were digested with EcoRI 
and SpeI (for AtPV42a), PstI and SpeI(for AtPV42b), respectively, then cloned into 
the corresponding sites of the pGreen0229-35S binary vector (Yu et al., 2004a). 
 
To construct 35S:RAP2.7, the full-length of RAP2.6 coding region (including stop 
codon) was amplified using primers 43160_CDS_F and 43160_CDS_R2. The PCR 
products were digested with EcoRI and XmaI, then cloned into the pGreen0229-35S 
binary vector (Yu et al., 2004a). 
 
To construct 35S:RAP2.7-GFP, the RAP2.6 coding region (without stop codon) was 
amplified using primers 43160_CDS_F and 43160_CDS_R1. The PCR products were 
digested with EcoRI and XmaI, and cloned into the pGreen0229-35S-GFP vector. The 
pGreen0229-35S-GFP was obtained with the GFP fragment inserted into the SpeI and 
XbaI sites of the pGreen0229-35S binary vector (Yu et al., 2004a). 
 
 
2.13 Escherichia coli and Agrobacterium tumefaciens transformation 
 
For E. coli transformation, 50 µl of competent cells stored at -80 °C were taken out 
and thawed on ice. The plasmid or the ligation reaction was gently mixed with the 
cells. The mixture was incubated on ice for 15-30 min, heat shocked at 42 °C for 45 
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sec, and then incubated on ice for 2 min. Nine hundred and fifty µl of LB liquid 
media were added to the mixture and the cells were shaking (250 rpm) incubated at 
37 °C for 1 h. The cells were then centrifuged at 12,000 rpm for 1 min and the 
supernatant was removed. The pellet was resuspended in 100 µl of LB liquid media 
and plated onto the selective LB agar plates (with 50 µg/ml Kanamycin), then grown 
upside down at 37 °C for overnight.  
 
For Agrobacterium tumefaciens transformation, 50 µl of competent cells stored at -
80 °C were taken out and thawed on ice. The plasmid was gently mixed with the cells. 
The mixture was then transferred to a prechilled electroporation cuvette. The outside 
walls of the cuvette were completely dried with tissue paper. The cuvette was then 
placed into the electroporator and the electroporation was carried out at 2.5 kv for two 
times. Ice cold LB (1 ml) was immediately added to the electroporated cells and the 
bacterial suspension was transferred to a sterile centrifuge tube (1.7 ml). The cells 
were incubated for 4 h at 28 °C with gentle agitation, and then briefly centrifuged for 
collection of cells. The cells were then spread onto a LB agar plate containing 50 
µg/ml Kanamycin, 10 µg/ml Gentamycin, 15 µg/ml Tetracyclin, and 200 µg/ml 
Rifampicin. The plate was incubated upside down at 28 °C for 2 days. 
 
 
2.14 Arabidopsis transformation 
 
Agrobacterium tumeficians GV3101 was used for floral dip following the published 
method with some modifications (Clough & Bent, 1998). Healthy Arabidopsis plants 
were grown under long days in pots in soil until they were flowering. First bolts were 
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clipped to encourage proliferation of many secondary bolts. Four to six days after 
clipping, plants with many immature flower clusters and not many fertilized siliques 
were optimal for dipping. An Agrobacterium strain carrying gene of interest on a 
binary vector was prepared. A large liquid culture was grown at 28 °C in LB with 
antibiotics (50 µg/ml Kanamycin, 10 µg/ml Gentamycin, 15 µg/ml Tetracyclin, and 
200 µg/ml Rifampicin) to select for the binary plasmid. The Agrobacteriumn was 
spinned down (4000 rpm, 10 min, 4 °C) and resuspended to an OD  =  0.8 (can be 
higher or lower) in 5% Sucrose solution (if made fresh, no need to autoclave). One 
hundred to two hundred ml liquid culture were needed for each eight small pots to be 
dipped. Before dipping, Silwet L-77 was added to a concentration of 0.012% (120 μl/l) 
and mixed well. Above-ground parts of plant was dipped in Agrobacterium solution 
for 45 seconds, with gentle agitation, and placed under a dome for 16 to 24 h to 
maintain high humidity (plants could be laid on their side if necessary), avoiding 
excessive sunlight. Plants were grown normally, and loose bolts were tied up with a 
piece of cotton thread. For higher rates of transformation, plants could be dipped two 
or three times at seven day intervals. Mature seeds were harvested and dried in dry 
box (RH 20-30%) for at least 3 days, then spread onto soil which was soaked with 
water. Plants were grown under long day condition after 3 days stratification at 4 °C. 
Transgenic plants were screened for herbicide resistance against Basta (300 mg/l).  
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2.15 Particle bombardment 
 
Particle bombardment was composed of three major steps:  
 
Preparation of Gold Particles: Three mg of gold particles (Φ1.0 µM) were weighed 
and transferred to a sterile, 1.5 ml microcentrifuge tube. After adding 50 µl of 100% 
ethanol, the tube was vortexed for 1-2 min for three times. The tube was left standing 
for 10 min, and then centrifuged at 10,000 rpm for 1 min. The supernatant was 
discarded and 50 µl of sterile ddH2O were added. The tube was vortexed for 30 sec to 
resuspend the gold particles, and then centrifuged at 10,000 rpm for 1 min. Washing 
with ddH2O was repeated twice. The supernatant was discarded and 50 µl of sterile 
ddH2O were added. The tube was then vortexed for 30 sec to resuspend the gold 
particles, which were now ready for use. 
 
Coating the Gold Particles with DNA: Five µl of plasmid DNA (1 µg/µl) were added 
to the resuspended gold particles. The tube was vortexed for 2-3 sec. Fifty µl of 2.5 M 
CaCl2 were added, and the tube was vortexed for 2-3 sec. Twenty µl of 0.1 M 
spermidine were added with vortexing. The tube was vortexed for 3 min, then 
centrifuged for 10 sec at 10,000 rpm. The supernatant was discarded. The pellet was 
washed with 250 µl of 100% ethanol. The tube was vortexed for 2-3 sec to resuspend 
the gold particles. The tube was centrifuged for 10 sec at 10,000 rpm and the 
supernatant was carefully removed. Sixty µl of 100% ethanol were added and the tube 
was vortexed for 2-3 sec. Ten µl of gold particles were dropped onto the center of the 




Particle bombardment: Four hours prior to the bombardment, the onion was cut into 
small pieces and transferred to MS agar plates supplemented with 400 mM sorbitol, 
with the epidermis facing the medium, and incubated in dark at RT for 4 h. Particle 
bombardment was carried out in triplicate for each kind of plasmid DNA, following 
the manual of PDS-1000/He. The onion pieces were incubated on MS agar plates with 
400 mM sorbitol for another 12 h before observation.  
 
 
2.16 Non radioactive in situ hybridization 
 
Non radioactive in situ hybridization was carried out as reported (Long & Barton, 
1998; Yu et al., 2004a).  
 
Fixation/Dehydration/Embedding: Fixative [4% (w/v) paraformaldehyde in 1 × PBS] 
was made as described below: Required volume of 1 × PBS was autoclaved for 60 
min and adjusted to pH 11 with NaOH. Paraformaldehyde was added after heating to 
60-70 °C. The solution was then cooled to 4 °C on ice, and adjusted to pH 7 with 
H2SO4. Arabidopsis tissue was collected and immediately immersed in ice-cold 
fixative. Vaccum was applied until samples started to sink. Samples were then 
immersed with fresh fixative and gently shaken overnight at 4 °C. Samples were 
washed and dehydrated at 4 °C with shaking: 1 × PBS 30 min, 1 × PBS 30 min, 30% 
EtOH 60 min, 40% EtOH 60 min, 50% EtOH 60 min, 60% EtOH 60 min, 70% EtOH 
60 min, 85% EtOH 60 min, 95% EtOH +  eosin overnight. Dehydrated samples were 
cleared at room temperature with shaking: 100% EtOH + eosin 30 min, 100% EtOH + 
eosin 30 min, 100% EtOH + eosin 60 min, 100% EtOH + eosin 60 min, 25% 
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histoclear/75% EtOH 60 min, 50% histoclear/50% EtOH 60 min, 75% histoclear/25% 
EtOH 60 min, 100% histoclear 60 min, 100% histoclear 60 min, 100% histoclear +  ¼ 
volume paraplast chips overnight (no shaking). Cleared samples were embedded as 
described below: samples were moved to 42 °C until paraplast chips melt completely, 
¼ volume of chips were added until completely melted, samples were then moved to 
55 °C for several hours, wax/histoclear was replaced with freshly melted wax, 55 °C 
overnight. In the following 3 days, wax changes were repeated by twice everyday 
(separated by several hours). Embedded samples were placed in molds and stored at 
4 °C, which were ready for sectioning. 
 
Sectioning: Embedded samples were cut into 8 µm thick sections and placed onto pre-
cleaned and charged slides. Slides were incubated at 42 °C overnight on an RNase-
free slide warmer.  
 
Probe Synthesis: Transcription reactions were set up as follows: 5 × Transcription 
buffer (4 µl), 10 × DIG labelling mix (Roche) (2 µl), RNase inhibitor (Promega) (1 
µl), RNA polymerase (Promega) (2 µl), primer (100 µM), RNase free H2O was added 
to bring a total volume of 20 µl. Reaction mixture were incubated at 37 °C for 2 h. 
After adding 2 µl of RNase-free Dnase (20 U, Roche), the reaction mixture were 
incubated at 37 °C for 30 min. To test the production of RNA, 0.5 µl of reaction 
mixture were taken to run on a minigel at < 100V for roughly 15 min. Primers used 
for in situ probe synthesis were listed in Table 2.1. 
 
Probe Hydrolysis: Probes were to be chopped into pieces between 75 and 150 bp long. 
The formula used to calculate incubation time was as follows: Time = (Li - Lf) / (0.11 
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. DEPC-treated ddH2O was used to fill up the above reaction mixture to 100 µl. 
Added with 100 µl of 2 × CO3
-
 buffer, the reaction mixture was incubated at 60 °C for 
the calculated time, then neutralized with 10 µl of 10% acetic acid, and precipitated at 
-20 °C from 1 h to overnight with 1/10 volume of 3 M NaAc (pH 5.2), 2.5 volumes of 
EtOH, and 2 µl of 10 mg/ml tRNA. The pellet was rinsed with 70% EtOH and 
resuspended in 80 µl of 50% formamide. The final concentration of probe used in the 
hybridization was around 0.5 ng/µl/kb. Sixty µl of probe in 50% formamide were 
prepared for each pair of slides. 
 
In Situ Section Pre-treatment: All solutions and containers used here were made 
RNase-free either by 60 min autoclaving or by 0.1 M NaOH overnight incubation, 
respectively. Sections were treated as described below: 2 × 10 min histoclear, 2 × 1-2 
min 100% EtOH, 1-2 min 95% EtOH, 1-2 min 90% EtOH, 1-2 min 80% EtOH, 1-2 
min 60% EtOH, 1-2 min 30% EtOH, 1-2 min H2O, 15-20 min 2 × SSC, 30 min 
proteinase K (1 µg/ml) in 100 mM Tris 50 mM EDTA pH 8 at 37 °C, 2 min 2 mg/ml 
glycine in PBS, 2 × 2 min PBS, 10 min 4% (w/v) paraformaldehyde in PBS pH 7 
(freshly made), 2 × 5 min PBS, 10 min 0.1 M triethanolamine (freshly made to pH 8) 
and acetic anhydride, 2 × 5 min PBS, 30 sec 30% EtOH, 30 sec 60% EtOH, 30 sec 80% 
EtOH, 30 sec 90% EtOH, 30 sec 95% EtOH, 2 × 30 sec 100% EtOH.   
 
In Situ Hybridization: Slides were air died on clean paper towels or kimwipes. Hybe 
Solution was made as follows (3 slide pairs) and pre-warmed to 50-55 °C: 100 µl 10 
× in situ salts, 400 µl deionized formamide, 200 µl 50% dextran sulfate, 20 µl 50 × 
Denhardts solution, 10 µl tRNA (10 mg/ml), 70 µl DEPC-H2O. Two hundred and 
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forty µl of Hybe Solution were added to 60 µl of probe solution to make a final 
volume of 300 µl mixture. Each pair of slides were applied with 300 µl of the 
Hybe/probe mixture, sandwiched together, and incubated between 50-55 °C overnight 
in a plastic container with high humidity.  
 
In Situ Post-hybridization: Pairs of slides were dipped into pre-warmed 2 × SSC to 
separate, rinsed and placed in rack, washed 60 min in 2 × SSC with gentle agitation 
for three times, washed 30 min with 2 × SSC at 55 °C with gentle agitation, washed 5 
min with 1 × PBS, washed 45 min with freshly made 1% Boehringer block in 100 
mM Tris pH 7.5, 150 mM NaCl, and incubated for 45 min in 1% Bovine Serum 
Albumin (BSA) in 100 mM Tris pH 7.5, 150 mM NaCl, 0.3% Triton X-100. Anti-Dig 
antibody (Roche) was diluted 500 times with the BSA/Tris/NaCl/Triton (as described 
before) solution. A puddle of antibody solution (around 2 ml) was made in a plastic 
weighing box. Pairs of slides were sandwiched together and dipped into the antibody 
solution to allow capillary action to pull up solution, and drained on Kimpwipe. 
Solution pull up was repeated. Slides were placed in highly humid containers and 
incubated at room temperature for 2 h. Slides were drained on Kimwipe, separated, 
and placed on bottom of plastic container, then washed for 15 min with 
BSA/Tris/NaCl/Triton solution with gentle shaking for four times, washed for 10 min 
with Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2. Each slide was dipped in Tris 
pH9.5/NaCl/MgCl2 solution to ensure all of detergent was washed off. A Tris-NaCl-
PVA stock solution was prepared by dissolving 10% (w/v) polyvinyl alcohol (PVA) 
in Tris pH9.5/NaCl/MgCl2 solution, then heat shocked by microwave for several 
times, mixed vigorously, and cooled down at room temperature. The substrate 
solution was made by adding 200 µl of NBT/BCIP stock solution (Roche) to 10 ml of 
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Tris/NaCl/PVA stock solution, then mixed vigorously and put in the dark for a while 
to remove bubbles. Each pair of slides was applied with 300 µl of substrate solution 
and sandwiched, incubated in a highly humid plastic container in total darkness for 1 
day. Slides were drained, separated, and rinsed with tap water for at least three times 
to stop reaction. Slides were dehydrated with 70% EtOH and 2 × 100% EtOH (time in 
EtOH was less than 10 sec for each solution), then air dried and mounted with 50% 
glycerol, observed under a light microscope. 
 
 
2.17 Bioinformatics tools 
 
The BLAST search was against the NCBI database. The ClustalW2 program was used 
for multiple sequence analysis (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
Protein domain analysis was performed using Pfam 24.0 (http://pfam.sanger.ac.uk/). 
DNASTAR 7.1 was used for restriction map analysis and primer design. 
 
 
2.18 Graphics software 
 












AtPV42a and AtPV42b redundantly 
regulate reproductive development in 





The conserved SNF1/AMPK/SnRK1 complexes are global regulators of metabolic 
responses in eukaryotes and play a key role in the control of energy balance. The two 
closest homologues AtPV42a and AtPV42b, which are downstream targets of RGA, 
encode CBS domain-containing proteins that belong to the PV42 class of γ-type 
subunits of the Arabidopsis SnRK1 complexes. Their biological function in 
Arabidopsis development was investigated. 
 
Real-time PCR was performed to examine the expression of AtPV42a and AtPV42b in 
various tissues. Transgenic plants that expressed artificial microRNAs targeting these 
two genes were created. Reproductive organ development and fertilization in these 
plants were examined by various approaches, including histological analysis, 
scanning electron microscopy, transmission electron microscopy, and phenotypic 
analyses of reciprocal crosses between wild-type and transgenic plants. AtPV42a and 
AtPV42b were upregulated by RGA, and they were expressed in a variety of tissues 
during different developmental stages. Transgenic plants in which AtPV42a and 
AtPV42b were silenced developed shorter siliques and reduced seed set.  Such low 
fertility phenotype resulted from deregulation of late stamen development and 
impairment of pollen tube attraction by the female gametophyte. 
 
The results demonstrated that AtPV42a and AtPV42b played redundant roles in 
regulating male gametogenesis and pollen tube guidance, indicating that the 
Arabidopsis SnRK1 complexes, whose association and activity are possibly related to 




3.2.1 Regulation of the expression of AtPV42a and AtPV42b 
 
Previous microarray data suggest that AtPV42a (At1g15330) is one of the potential 
early targets of RGA in the established ga1-3 rgl2-1 rga-t2 35S:RGA-GR transgenic 
plants which express a steroid-inducible version of RGA (unpublished data in Yu Hao 
lab) (Cheng et al., 2004; Yu et al., 2004b), and it is upregulated by RGA. In the 
background of ga1-3 rgl2-1 rga-t2, degradation of RGA is prevented due to the 
disruption of GA biosynthesis. Introduction of the inducible system 35S: RGA-GR 
permits the control of RGA function at the protein level. Upon Dex (dexamethasone) 
treatment, the fusion protein GR (glucocorticoid receptor) is released from its binding 
to heat shock proteins and RGA is transported from the cytoplasm to the nucleus to 
play its biological role. Consequently, the expression levels of the downstream targets 
of RGA will be altered shortly after Dex treatment. A combined treatment of Dex and 
Cyc (cycloheximide), the protein synthesis inhibitor, allows the identification of the 
immediate targets of RGA, because inhibition of protein synthesis excludes genes 
which are indirectly regulated by RGA.  
 
To confirm the microarray data, quantitative real-time PCR analysis was performed to 
investigate the transcript levels of AtPV42a in response to Dex treatment in the 
inducible system ga1-3 rgl2-1 rga-t2 35S:RGA-GR. Floral buds of the background 
younger than stage 10 were treated with 10 µM Dex, 10 µM Dex plus 10 µM Cyc, or 
mock. Four hours after treatment, the inflorescence apices were collected for total 
RNA isolation, followed by reverse-transcription and real-time PCR analysis. The 
mRNA levels of AtPV42a were shown in Fig. 3.1A. A single Dex-treatment increased  
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 AtPV42a transcript levels by ~10 folds, as compared with the mock-treatment. The 
combined treatment of Dex plus Cyc also resulted in a significant upregulation of 
AtPV42a in comparison with the single Cyc treatment (Fig. 3.1A), suggesting that 
RGA-mediated modulation of AtPV42a was independent of protein synthesis. The 
real-time PCR results were consistent with previous microarray data (unpublished 
data in Yu Hao lab), and the AtPV42a gene was therefore confirmed as an immediate 
target of RGA. 
 
As AtPV42b (At1g80090) is the closest homologue of AtPV42a in the Arabidopsis 
genome (revealed by a BLAST search against NCBI database and Fig. 3.4B), the 
regulation of AtPV42b expression in the inflorescence apices of ga1-3 rgl2-1 rga-t2 
35S:RGA-GR was investigated as well. Similarly, Dex treatment and the combined 
treatment with Dex plus Cyc both significantly increased the mRNA level of AtPV42b 
(Fig. 3.1 B), demonstrating that both AtPV42a and AtPV42b could be the early targets 
of RGA. 
 
Additionally, the expression of AtPV42a and AtPV42b in response to PAC 
(paclobutrazol), the GA biosynthesis inhibitor, was also investigated in wild-type (Col) 
plants. PAC treatment decreases the levels of endogenous GA by blocking the 
biosynthesis of GA, hence suppresses the GA-mediated degradation of DELLA 
proteins. As a result, DELLA proteins accumulate in the PAC-treated plants, leading 
to the alterations in the transcript levels of the immediate targets of DELLAs. 4-day-
old Col seedlings were treated with 10 µM PAC or mock, and a time course study 
was performed to examine the transcript levels of AtPV42a and AtPV42b using 
quantitative real-time PCR analysis. As expected, PAC treatment increased the 
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accumulation of mRNAs of these two genes (Fig. 3.2), indicating that AtPV42a and 
AtPV42b were indeed upregulated by RGA.  
 
In order to examine the expression of AtPV42a and AtPV42b in response to GA, ga1-
3 mutant was chosen for the investigation. Due to the absence of GA biosynthesis, 
DELLA proteins accumulated to a relatively high level in ga1-3 as compared with 
wild-type. Exogenous GA application could rescue the GA signalling pathway by 
activating the degradation of DELLA proteins. Concomitant with the decrease in 
DELLAs, the transcript levels of their downstream targets, including AtPV42a and 
AtPV42b, would be altered accordingly. Floral buds of ga1-3 younger than stage 10 
were then treated with 10 µM GA or mock. Four hours after treatment, the 
inflorescence apices were collected for total RNA isolation, followed by reverse-
transcription and real-time PCR analysis. The mRNA levels of AtPV42a and AtPV42b 
were shown in Fig. 3.3. In contrast to PAC treatment, GA treatment resulted in a 
decrease in the transcripts levels of both AtPV42a and AtPV42b, by a fold of 2-4. It 
indicated that in ga1-3, expressions of AtPV42a and AtPV42b were downregulated by 
exogenous GA application, which was possibly caused by the increased RGA protein 







Figure 3.1 Quantitative real-time PCR analysis of the expression of AtPV42a and 
AtPV42b in ga1-3 rgl2-1 rga-t2 35S:RGA-GR under various treatments. 
A) The transcript levels of AtPV42a were increased by 10 folds under the 
dexamethasone (D) treatment. In the presence of cycloheximide (C), dexamethasone 
increased the AtPV42a mRNA level by 3-4 folds. 
B) The transcript levels of AtPV42a were increased by 6-7 folds under the 
dexamethasone (D) treatment. In the presence of cycloheximide (C), dexamethasone 
increased the AtPV42a mRNA level by 3 folds. 
M, mock; D, 10 μM dexamethasone; C, 10 μM cycloheximide; CD, 10 μM 
cycloheximide plus 10 μM dexamethasone.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 







Figure 3.2 Expression of AtPV42a and AtPV42b under PAC treatment. 
A) PAC-treatment upregulated the expression of AtPV42a at 3 h, 6 h, and 12 h, by an 
increasing fold of 2-5. 
B) PAC-treatment upregulated the expression of AtPV42b at 3 h, 6 h, and 12 h, by an 
increasing fold of 3-10. 
4-day-old Col seedlings grown on MS agar plates were treated with 10 µM PAC or 
mock. Total RNA was isolated from samples at 1 h, 3 h, 6 h, and 12 h after 
treatments.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 





Figure 3.3 Expression of AtPV42a and AtPV42b under GA treatment in floral 
buds of ga1-3. 
GA treatment downregulated the expression level of AtPV42a and AtPV42b by a fold 
of 3-4 and 2-3, respectively. 
 Total RNA was isolated from samples at 4 h after treatments.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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3.2.2 AtPV42a and AtPV42b are putative γ-type subunits of the plant 
SnRK1 complexes 
 
The coding sequence of AtPV42a consisted of 2 exons and 1 intron, while AtPV42b 
consisted of 5 exons and 4 introns (Fig. 3.4A).  
 
A BLAST search against the NCBI protein database revealed that AtPV42a and 
AtPV42b are the only two Arabidopsis proteins closest to PV42 from Phaseolus 
vulgaris, which is a founding member of the PV42 class of γ-type subunits of the 
plant SnRK1 complexes (Slocombe et al., 2002; Gissot et al., 2006). AtPV42a and 
AtPV42b shared 60% and 54% amino acid identity with PV42, respectively. Multiple 
sequence alignment and protein domain analysis revealed four CBS domains in 
PV42-like plant proteins, similar to other γ-type subunits of the SNF1/AMPK/SnRK1 
complexes, such as SNF4 from yeast (Fig. 3.4B). These sequence analyses implied 
that both AtPV42a and AtPV42b were putative members in the PV42 class of γ-type 





Figure 3.4 Sequence analyses of AtPV42a and AtPV42b. 
A) Gene structures of AtPV42a and AtPV42b. A triangle indicates the T-DNA 
insertion site in AtPV42b-1 (CS823876). Black boxes and lines represent exons and 
introns, respectively. 
B) Alignment of CBS-domain containing proteins from plants including Arabidopsis 
(At), Phaseolus vulgaris (Pv), and Medicago truncatula (Mt), and yeast 
(Saccharomyces cerevisiae). Identical residues are marked with asterisks. Conserved 
and semi-conserved substitutions are denoted by „:‟ and „.‟, respectively. The 




3.2.3 Expression of AtPV42a and AtPV42b in Arabidopsis  
 
To examine the spatial and temporal expression patterns of AtPV42a and AtPV42b in 
Arabidopsis, real-time PCR analyses were performed with gene-specific primers 
using total RNA extracted from various tissues of 28-day-old adult plants, dry seeds 
and whole seedlings at different developmental stages (3-, 8-, 14-day-old). In general, 
AtPV42a and AtPV42b exhibited similar spatial expression patterns in most of the 
tissues examined in adult plants (Fig. 3.5A). Their expression was relatively high in 
rosette leaves, cauline leaves, open flowers, and developing siliques, but low in stems 
and floral buds. The only discrepancy was that the expression of AtPV42b in roots 
relative to other tissues was lower than that of AtPV42a. It is noteworthy that both 
AtPV42a and AtPV42b were expressed at very high levels in dry seeds (Fig. 3.5A). In 
the seedlings 3, 8, and 14 days after germination, the expression of both genes 
remained at stable levels, with a slight decrease in transcript levels concomitant to an 
increase in seedling age (Fig. 3.5B). 
 
In situ hybridization was further performed to study the expression of these two genes 
in developing flowers. Both genes were detectable in the developing septum inside 
the gynoecia and microspore mother cells in the locules of stage 9 flowers (Fig. 3.6A, 
C). Transcript levels were either low or absent in anther cells in flowers at late stages 
(data not shown), but persistent in developing ovules in stages 11 and 13 flowers. In 
stage 11 flowers in which integuments had just initiated on the ovules, the expression 
of both genes was detected in the funiculi and ovules (Fig. 3.6B, C, E, F). In stage 13 
flowers in which the integuments completely enveloped the nucellus, both genes were 
also expressed in the whole ovules (Fig. 3.6G, H).  
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High sequence similarity and comparable gene expression patterns between AtPV42a 
and AtPV42b indicated that the two genes might play similar roles in Arabidopsis 
growth and development.  
 
 
3.2.4 Artificial microRNA-mediated silencing of AtPV42a and 
AtPV42b  
 
To investigate the biological role of AtPV42a and AtPV42b in Arabidopsis, I first 
attempted to identity insertion mutants from public resources. Insertion mutants of 
AtPV42a were not available in all public resources searched, whereas a SAIL line 
(CS823876) containing a T-DNA insertion at the last exon of the AtPV42b gene was 
obtained from Arabidopsis Biological Resource Center and named as atpv42b-1 (Fig. 
3.4A). The T-DNA insertion and the resulting disrupted transcription of AtPV42b in 
atpv42b-1 were confirmed by genotyping PCR and RT-PCR using primers flanking 
the insertion site (data not shown). atpv42b-1 did not exhibit visible phenotypes under 
normal growth conditions. This could be due to two reasons: (1) the incomplete 
AtPV42b transcript produced from the coding region preceding the T-DNA insertion 
site was sufficient for function (Fig. 3.7); (2) functional redundancy between AtPV42a 






Figure 3.5 Expression of AtPV42a and AtPV42b in wild-type plants. 
A) Transcript levels of AtPV42a and AtPV42b in various tissues from 28-day-old 
adult plants and dry seeds of Col wild-type. R, root; RL, rosette leaf; St, stem; CL, 
cauline leaf; Bud, unopen floral bud; OF, open flower; Si, silique; DS, dry seed. 
B) Transcript levels of AtPV42a and AtPV42b in seedlings 3, 8, and 14 days after 
germination. 
Transcript levels were determined by real-time PCR and are shown relative to TUB2 





Figure 3.6 In situ localization of AtPV42a and AtPV42b in wild-type gynoecia. 
A, D) Transverse sections of a stage 9 flower hybridized with the antisense AtPV42a 
(A) or AtPV42b (D) probe. Arrows indicate the labelled septum inside the gynoecia, 
while arrowheads indicate some labelled microspore mother cells in the locules. Bars, 
100 µm.  
B, C, E, F) Transverse sections of a gynoecium from a stage 11 flower hybridized 
with the antisense (B) or sense probe (C) of AtPV42a or the antisense (E) and sense 
probe (F) of AtPV42b. f, funiculus; o, ovule. Bars, 50 µm.  
G-H) Longitudinal sections of a gynoecium from a stage 13 flower hybridized with 




Figure 3.7 Expression levels of the AtPV42b transcripts preceding the T-DNA 
insertion site in wild-type and atpv42b-1. 
The 5‟-AtPV42b transcript levels remained at the wild-type level in atpv42b-1. RL, 
rosette leaf; OF, open flower. 
Relative expression levels were determined by real-time PCR and are shown relative 
to TUB2 expression. Values are the mean ± standard deviation from three replicates. 
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To create AtPV42a and AtPV42b knockdown plants, I generated amiR-atpv42a and 
amiR-atpv42b transgenic plants that overexpressed artificial microRNAs specifically 
targeting these two genes respectively. I obtained 17 and 20 independent 
transformants for amiR-atpv42a and amiR-atpv42b at the T1 generation respectively. 
None of the 17 amiR-atpv42a transgenic lines showed visible phenotype, whereas 9 
amiR-atpv42b lines developed shorter siliques and reduced seed sets (Fig. 3.8A-C). 
Since AtPV42a and AtPV42b shared high sequence similarity, microRNAs designed 
for either of them might simultaneously affect the expression of the other in 
transgenic plants. Thus, the expressions of both AtPV42a and AtPV42b were 
examined in rosette leaves of 7 and 10 selected amiR-atpv42a and amiR-atpv42b T1 
transformants, respectively. As expected, the expression levels of AtPV42a were 
dramatically decreased, whereas the levels of AtPV42b were not significantly changed 
in the 7 amiR-atpv42a transformants (Fig. 3.9A). However, in most of the amiR-
atpv42b lines selected, the transcript levels of both AtPV42a and AtPV42b were 
significantly downregulated, and the extent of downregulation was closely relevant 
with the degree of low fertility phenotype observed in these transgenic lines (Fig. 
3.9B). These observations demonstrated that the defect in reproductive development 
was observed only when the expressions of both AtPV42a and AtPV42b were 
significantly compromised, suggesting that AtPV42a and AtPV42b functioned 
redundantly in controlling Arabidopsis reproductive development. Transgenic line 10 
of amiR-atpv42b (hereafter referred to as amiR-atpv42b) (Fig. 3.9B), which displayed 
representative strong phenotypes, was chosen for further morphological and 









Figure 3.8 Phenotypes of siliques in wild-type and amiR-atpv42b. 
A) Comparison of fully grown siliques from wild-type and amiR-atpv42b plants. 
B) A wild-type silique with full seed set. 
C) An amiR-atpv42b silique with reduced seed set and undeveloped ovules, some of 
which are indicated by arrows.  
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Figure 3.9 Expression of AtPV42a and AtPV42b in transgenic plants. 
A) Transcript levels of AtPV42a and AtPV42b in rosette leaves of 7 selected 
independent amiR-atpv42a transgenic lines at the T1 generation.  
B) Transcript levels of AtPV42a and AtPV42b in rosette leaves of 10 selected 
independent amiR-atpv42b transgenic lines at the T1 generation. Asterisks indicate 
the transgenic lines showing the low fertility phenotype as shown in Fig. 3.7 A, C. 
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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To confirm the functional redundancy of AtPV42a and AtPV42b, the transgenic line 3 
of amiR-atpv42a (hereafter referred to as amiR-atpv42a) (Fig. 3.9A) was crossed with 
the T-DNA insertion mutant atpv42b-1 (Fig. 3.4A). The resulting homozygous 
progenies, where the expressions of both AtPV42a and AtPV42b were disrupted (Fig. 
3.9B and data not shown), exhibited a similar low fertility phenotype to amiR-atpv42b 
(Fig. 3.10). This was in agreement with my suggestion that AtPV42a and AtPV42b 
functioned redundantly in reproductive development.  
 
I also created 18 and 15 independent transgenic lines overexpressing AtPV42a and 
AtPV42b, respectively. None of them exhibited abnormal phenotypes in reproductive 
development (data not shown), although AtPV42a and AtPV42b transcripts were 
overexpressed in all the lines selected for the expression assay (Fig. 3.11A, B).  
 
 
3.2.5 amiR-atpv42b is defective in late stamen development 
 
To uncover the developmental events responsible for the reduced fertility in amiR-
atpv42b, I compared the morphology of amiR-atpv42b and wild-type plants at 
different developmental stages. amiR-atpv42b appeared normal during the vegetative 
phase, floral transition, and early stages of flower development (data not shown). In 
amiR-atpv42b floral buds at stage 12, floral organs were still morphologically normal 
(Fig. 3.12A, B, E, F), whereas at the anthesis stage (flower stages 13 and 14), fewer 
pollen grains were produced (Fig. 3.12C, D, G, H). Moreover, the filaments in amiR-
atpv42b did not elongate enough to position the locules above the stigma at the flower 




Figure 3.10 Fully grown siliques of wild-type, amiR-atpv42a atpv42b-1, and amiR-
atpv42b plants. 
The homozygous amiR-atpv42a/atpv42b-1 resembled the low fertility phenotype 






Figure 3.11 Expression of AtPV42a and AtPV42b in transgenic plants. 
A) Relative transcript levels of AtPV42a in rosette leaves of 8 selected independent 
35S:AtPV42a transgenic lines at the T1 generation.  
B) Relative transcript levels of AtPV42b in rosette leaves of 5 selected independent 
35S:AtPV42b transgenic lines at the T1 generation.  
Relative expression levels were determined by real-time PCR and are shown relative 
to the expression levels in wild-type plants. Values are the mean ± standard deviation 




Figure 3.12 Phenotypes of developing flowers in wild-type and amiR-atpv42b 
(line 10). 
A-D) Wild-type flowers at early stage 12 (A), late stage 12 (B), stage 13 (C) and 
stage 14 (D). 
E-H) amiR-atpv42b flowers at early stage 12 (E), late stage 12 (F), stage 13 (G) and 
stage 14 (H). Flowers at stage 14 showed delayed filament elongation and 
significantly reduced production of pollen grains. 
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Scanning electron micrograph (SEM) revealed that as compared with those in wild-
type plants, many pollen grains from amiR-atpv42b were severely shrunken and of 
irregular shapes at the anthesis stage (Fig. 3.13A, B). Thus, I examined the transverse 
sections of wild-type and amiR-atpv42b anthers under the light microscope to 
investigate the changes at the cellular level. I found that even at anther stage 10 
(approximately flower stages 11-12) when tapetum degeneration was initiated, there 
was no visible difference in microspores and other anther tissues between wild-type 
and amiR-atpv42b (Fig. 3.14), indicating that microsporogenesis in amiR-atpv42b 
was normal (Sanders et al., 1999). However, at anther stage 11 when pollen mitotic 
divisions occur in wild-type plants, most of the microspores in amiR-atpv42b seemed 
to lack dense cell contents (Fig. 3.14). At anther stage 12, when microgametogenesis 
was completed and microspores developed into tricellular haploid pollen grains, many 
pollen grains in amiR-atpv42b anthers were shrunken with irregular shapes (Fig. 3.14), 
which was consistent with the SEM result (Fig. 3.13A, B).  
 
I further performed transmission electron microscopy (TEM) to compare the finer 
cellular structures of the developing pollen cells in wild-type and amiR-atpv42b 
anthers. Although the transverse sections of amiR-atpv42b anthers at anther stage 9 
showed normal-looking microspores under the light microscope (Fig. 3.14), TEM 
revealed that the plasma membrane was often withdrawn from the cell wall in amiR-
atpv42b pollen grains (Fig. 3.15). This was an indication of plasmolysis, implying the 
abnormal cellular osmotic homeostasis inside the amiR-atpv42b pollen grains. At 
anther stage 12, shrunken pollen grains in amiR-atpv42b lost most of the cell contents 
(Fig. 3.15), indicating that there was a continuous improper cellular osmotic 
homeostasis from anther stage 9 to 12. These TEM results explained why the 
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microspores at anther stage 11 in amiR-atpv42b demonstrated reduced amount of cell 
contents (Fig. 3.14). 
 
Taken together, these observations suggested that downregulation of AtPV42a and 
AtPV42b in amiR-atpv42b resulted in the production of some collapsed pollen grains 
particularly at late stages of anther development. This might partly contribute to the 
reduced fertility observed in amiR-atpv42b. 
 
 
3.2.6 Female gametophytes of amiR-atpv42b are defective in pollen 
tube reception 
 
To determine whether the defective stamen development was the only cause of the 
low fertility found in amiR-atpv42b, reciprocal crosses between amiR-atpv42b and 
wild-type plants were performed. After saturated pollination with either wild-type or 
amiR-atpv42b pollen grains, a wild-type carpel produced normal long siliques (Fig. 
3.16A, B), whereas amiR-atpv42b always produced short siliques (Fig. 3.16C, D). 
These results indicated that female tissues in amiR-atpv42b were partly defective. As 
the morphology of amiR-atpv42b carpels during flower development was almost 
normal (Fig. 3.12E-H), I then examined the ovules inside the carpels before and after 
fertilization using SEM. amiR-atpv42b ovules were morphologically comparable to 
wild-type ones prior to fertilization (Fig. 3.17A, B). SEM of wild-type pistils two 
days after saturated pollination with either wild-type or amiR-atpv42b pollen grains 
revealed that most of the ovules had been fertilized (Fig. 3.17C, E), which was in 







Figure 3.13 Scanning electron micrographs (SEM) of pollen grains.  
A) SEM of mature pollen grains collected from wild-type flowers at stages 13-14. 
B) SEM of pollen grains collected from amiR-atpv42b flowers at stages 13-14. Many 






Figure 3.14 Transverse sections of wild-type and amiR-atpv42b anthers at anther 
stages 9, 10, 11, and 12. 
Arrowheads indicate defective pollen grains in amiR-atpv42b anthers, which became 







Figure 3.15 Transmission electron microscopy (TEM) of wild-type and amiR-
atpv42b pollen grains. 
Wild-type and amiR-atpv42b pollen grains at anther stages 9 and 12 are shown. In 
amiR-atpv42b, during plasmolysis at anther stage 9, the plasma membrane (arrows) of 
the pollen grain was withdrawn from the cell wall, while at anther stage 12, the 
cytoplasm was almost non-existent in the severely shrunken pollen grain. 







Figure 3.16 Phenotypic analyses of reciprocal crosses between wild-type and 
amiR-atpv42b. 
Fully grown siliques of the following reciprocal crosses: Col ♀×Col ♂ (A), Col ♀× 





Figure 3.17 SEM of wild-type and amiR-atpv42b ovules. 
A) SEM of Wild-type ovules at flower stage 12 prior to fertilization. 
B) SEM of amiR-atpv42b ovules at flower stage 12 prior to fertilization. 
C, E) SEMs of developing seeds 2 days after pollination from the following 
reciprocal crosses: Col ♀×Col ♂ (C), Col ♀×amiR-atpv42b ♂ (E). 
D, F) SEMs of developing seeds 2 days after pollination from the following 
reciprocal crosses: amiR-atpv42b ♀×Col ♂ (D); amiR-atpv42b ♀×amiR-atpv42b ♂ 
(F). Arrows indicate the unfertilized ovules. 
Bars, 100 µm. 
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B). This implied that some healthy pollen grains produced in amiR-atpv42b could 
function normally during fertilization. On the contrary, many amiR-atpv42b ovules 
were not fertilized after saturated pollination regardless of the source of pollen grains 
(Fig. 3.17D, F), demonstrating a fertilization defect in amiR-atpv42b female 
gametophytes. 
 
I further investigated the growth of pollen tubes inside the pistils after reciprocal 
crosses to explore the underlying mechanism of the fertilization defect in amiR-
atpv42b. At 20 hours after saturated pollination, pistils were collected, fixed, cleared, 
stained with aniline blue, and observed under UV microscope. Likewise, the pollen 
tube growth was independent of the source of pollen grains, but fully reliant on the 
maternal plants used. In wild-type pistils pollinated with either wild-type or amiR-
atpv42b pollen grains, pollen tubes first developed longitudinally through the stylar 
transmitting tract from the stigma, and then elongated laterally to the ovules for 
fertilization (Fig. 3.18A, B). However, in amiR-atpv42b pistils, although the 
longitudinal pollen tube growth through the transmitting tract was similar to that in 
wild-type pistils, the lateral pollen tube growth towards the ovules was largely 
abolished (Fig. 3.18 C, D). These results demonstrated that the fertilization defect in 
amiR-atpv42b pistils was mainly due to abnormal pollen tube attraction by ovules.  
 
As synergid cells are responsible for guiding pollen tubes to the embryo sac by 
secreting chemical attractants (Kasahara et al., 2005; Berger et al., 2008), I tested the 
expression of several synergid cell-specific genes in amiR-atpv42b and found that the 
expression of LORELEI (LRE) was altered (Fig. 3.19). It has been reported that LRE 
is involved in proper pollen tube reception (Capron et al., 2008). In lre mutants, 
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pollen tubes reaching the embryo sac frequently continued to grow inside the embryo 
sac, resulting in the failure of fertilization. In amiR-atpv42b, where pollen tube 
attraction was blocked, the expression level of LRE was significantly increased in 
open flowers (Fig. 3.19), indicating that disruption of pollen tube guidance to the 
embryo sac in amiR-atpv42b might be relevant to the upregulation of LRE. The LRE 
transcript levels were not significantly altered in the 35S:AtPV42a and 35S:AtPV42b 






Plant SnRK1 kinases, which serve as the catalytic α-subunits and are associated with 
non-catalytic β-type and γ-type subunits in the SnRK1 complexes, play important 
roles in the global regulation of metabolism in response to cellular and environmental 
signals (Polge & Thomas, 2007). Studies in a wide range of plant species have shown 
that SnRK1 kinases are involved in the regulation of various developmental processes. 
For example, disruption of the SnRK1 kinase in transgenic barley plants results in 
abnormal pollen development and male sterility (Zhang et al., 2001). The rice 
SnRK1A protein kinase acts as an important intermediate in the sugar signalling 
cascade and plays a key role in regulating seed germination and seedling growth (Lu 
et al., 2007). In the moss Physcomitrella patens, downregulation of SnRK1 kinases 
shows pleiotropic phenotypes including developmental abnormalities (Thelander et 










Figure 3.18 Aniline blue staining of pollen tube growth inside pistils collected 20 
hours after pollination from reciprocal crosses.  
A) Col ♀×Col ♂.  
B) Col ♀×amiR-atpv42b ♂.  
C) amiR-atpv42b ♀×Col ♂.  







Figure 3.19 LRE expression in open flowers of wild-type and various transgenic 
plants. 
The expression level of LRE was significantly increased in amiR-atpv42b, while it 
remained unchanged in 35S:AtPV42a and 35S:AtPV42b. 
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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subunits in the SnRK1 complexes, the biological function of γ-type subunits and their 
effects on plant development are so far unknown. 
 
In this study, I had characterized the downstream targets of RGA, AtPV42a and 
AtPV42b, the two closest homologues which encoded CBS domain-containing 
proteins in the PV42 class of γ-type subunits of the SnRK1 complexes in Arabidopsis. 
Downregulation of AtPV42a and AtPV42b not only disturbed late stamen 
development, but also impaired pollen tube reception by the female gametophyte, 
which eventually resulted in the low fertility. The function of AtPV42a and AtPV42b 
in the reproductive development was consistent with their expression in floral organs. 
Both genes were expressed in the developing septum inside the gynoecia and 
microspore mother cells in stage 9 flowers, and later in developing ovules. These 
results suggested that the non-catalytic γ-type subunits in the SnRK1 complexes 
played an important role in mediating plant reproductive growth.  
 
In amiR-atpv42b where both AtPV42a and AtPV42b were downregulated, defective 
stamen development was mainly attributed to abnormal microgametogenesis. 
Histological analysis of anther transverse sections and SEM and TEM of pollen cells 
demonstrated that anther defects in amiR-atpv42b mainly occurred in microspores at 
the mitotic phase. Pollen development is divided into two phases, microsporogenesis 
and microgametogenesis (Goldberg et al., 1993; McCormick, 1993; Ma, 2005). 
During microsporogenesis, pollen mother cells undergo meiosis and form tetrads of 
microspores within the pollen sacs. During microgametogenesis, separate microspores 
undergo mitosis and differentiate into mature pollen grains. In this process, enzymes 
are abundant and metabolism is highly active in microspores, which obtain nutrients 
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and water from degenerated tapetum and undergo an asymmetric mitotic division to 
generate a large vegetative cell and a small generative cell. The generative cell further 
undergoes a second mitosis to form two generative cells. It is noteworthy that active 
carbohydrate metabolism not only provides energy for cell division and 
differentiation during microgametogenesis, but also stores essential substances 
required for subsequent pollen germination and pollen tube growth. As the SnRK1 
complex is the global regulator of carbohydrate metabolism (Halford & Paul, 2003), it 
may also be involved in microgametogenesis. This hypothesis was partly 
substantiated by my observation that disruption of AtPV42a and AtPV42b, which 
were the γ-type subunits of the SnRK1 complexes, compromised microgametogenesis, 
thus resulting in abnormal pollen grains. 
 
amiR-atpv42b also exhibited impaired pollen tube attraction by the female 
gametophyte. In Arabidopsis, synergid cells accompanying the egg cell are primarily 
responsible for the pollen tube guidance to the female gametophyte and the release of 
sperm cells (Weterings & Russell, 2004; Kasahara et al., 2005; Berger et al., 2008). 
Intracellular metabolism is highly active in synergid cells, which uptake and transport 
metabolites into the embryo sac, and secrete some chemical substances into the 
filiform apparatus that is involved in pollen tube guidance and reception (Pagnussat et 
al., 2005; Jones-Rhoades et al., 2007; Punwani et al., 2007; Punwani & Drews, 2008). 
So far the molecular mechanisms underlying the function of synergid cells still 
remain largely unknown. Several genes specifically expressed in synergid cells, 
including MYB98, ZmEA1, and LRE, have been suggested as important regulators for 
pollen tube guidance (Kasahara et al., 2005; Punwani et al., 2007; Capron et al., 
2008). My results had shown that LRE was upregulated in amiR-atpv42b, which 
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might be partially responsible for the defect in pollen tube attraction. LRE encodes a 
putative plant-specific GPI-anchor protein (GAP), a eukaryotic protein that functions 
as a lipid raft in cell-cell signalling. LRE is required for proper pollen tube guidance 
to the embryo sac in Arabidopsis and silencing of LRE results in continuous pollen 
tube growth inside the embryo sac (Capron et al., 2008). It is possible that the SnRK1 
complex plays a role in the intracellular metabolism of synergid cells. Thus, 
downregulation of AtPV42a and AtPV42b, the γ-subunits of SnRK1, might affect 
normal metabolism of synergid cells, which was relevant to the altered expression of 
key regulators, such as LRE. This eventually resulted in the impaired pollen tube 
attraction by the female gametophyte. 
 
Our study confirmed that AtPV42a and AtPV42b were downstream targets of RGA 
(Fig. 3.1). The involvement of DELLA proteins in plant reproductive development 
has been reported (Cheng et al., 2004; Yu et al., 2004b). RGA and RGL2 are the two 
major players in conferring the abnormal floral phenotype of ga1-3 (Cheng et al., 
2004; Yu et al., 2004b). A variety of genes have been identified as the downstream 
targets of RGA through a whole-genome microarray analysis (Hou et al. 2008). The 
regulation of AtPV42a and AtPV42b by DELLAs and the disrupted reproductive 
processes conferred by simultaneous silencing of both AtPV42a and AtPV42b implied 
that the SnRK1 complex could be involved in the modulation of floral organ 




Taken together, my results suggested that the DELLA proteins-regulated AtPV42a 
and AtPV42b played redundant roles in regulating male gametogenesis and pollen 
tube guidance. It would be interesting to further investigate how they interact with 
other subunits of the SnRK1 complex to regulate metabolic responses and contribute 









RAP2.6 is involved in plant responses 






Transcription factors of the ERF/AP2 family play diverse roles in plant development 
and plant adaptive responses to environmental stimuli. RAP2.6, a downstream target 
of RGA and RGL2, encodes a member of the ERF subfamily B-4 subgroup. The 
biological function of RAP2.6 in Arabidopsis was investigated. 
 
Real-time PCR was performed to examine the expression of RAP2.6 in various tissues, 
and particle bombardment of onion epidermal cells was carried out to investigate the 
subcellular localization of the RAP2.6 protein. Transgenic plants that expressed an 
artificial microRNA targeting RAP2.6 were created. Transgenic plants that 
overexpressed RAP2.6 through 35S promoter were generated as well. Plant growth, 
development, and responses to phytohormones and abiotic stresses were examined. 
RAP2.6 was upregulated by RGA and RGL2, and it was expressed in various tissues 
at different developmental stages. In addition, RAP2.6 was induced by ABA and 
abiotic stresses. During seed germination, down regulation of RAP2.6 conferred 
resistance, while overexpression of RAP2.6 led to hypersensitivity to abiotic stresses. 
Moreover, down regulation of RAP2.6 partially alleviated the PAC-mediated 
inhibition of seed germination. During the development of young seedlings, 
transgenic plants in which RAP2.6 was silenced overcame the ABA-induced growth 
retardation. Silencing of RAP2.6 also conferred a late flowering phenotype at 16 °C, 




My results impled that RAP2.6 might function as a converging point where multiple 
phytohormone and stress signalling pathways integrate, and played a significant role 




4.2.1 Regulation of RAP2.6 expression 
 
RAP2.6, another gene identified from my previous microarray studies was 
investigated next. Results of the microarray suggest that the RAP2.6 gene is one of the 
potential early targets of RGA in the afore described ga1-3 rgl2-1 rga-t2 35S:RGA-
GR (Cheng et al., 2004; Yu et al., 2004b), and it is upregulated by RGA. To confirm 
the microarray data,  quantitative real-time PCR analysis was conducted to investigate 
the transcript levels of RAP2.6 in response to Dex and Dex plus Cyc treatments in the 
inducible system ga1-3 rgl2-1 rga-t2 35S:RGA-GR. The ga1-3 rgl2-1 rga-t2 
35S:RGA-GR-containing floral buds younger than stage 10 were treated with 10 µM 
Dex, 10 µM Dex plus 10 µM Cyc or mock. Four hours after treatment, the 
inflorescence apices were collected for total RNA isolation, followed by reverse-
transcription and real-time PCR analysis. mRNA levels of RAP2.6 are shown in Fig. 
4.1. Dex treatment increased the RAP2.6 transcript levels by 5 to 6 folds, as compared 
with the mock treatment. Moreover, the combined treatment of Dex and Cyc also led 
to a significant upregulation of RAP2.6, suggesting that RGA regulation of RAP2.6 
was independent of protein synthesis. The real-time PCR results were in agreement 




The expression of RAP2.6 in response to PAC in wild-type plants was also 
investigated. Four-day-old Col seedlings were treated with 10 µM PAC or mock, and 
time course examination of the transcript levels of RAP2.6 was performed by 
quantitative real-time PCR analysis. As expected, PAC treatment increased the 
accumulation of mRNA of RAP2.6 (Fig. 4.2), further implying that RAP2.6 was 
indeed upregulated by RGA. 
 
Additionally, the expression of RAP2.6 in response to GA was examined as well. 
Floral buds of ga1-3 younger than stage 10 were treated with 10 µM GA or mock. 
Four hours after treatment, the inflorescence apices were collected for total RNA 
isolation, followed by reverse-transcription and real-time PCR analysis. The mRNA 
levels of RAP2.6 were shown in Fig. 4.3. In contrast to PAC treatment, GA treatment 
resulted in a decrease in the transcripts levels of RAP2.6, by a fold of 3-4. It indicated 
that in ga1-3, expression of RAP2.6 was downregulated by exogenous GA application, 
which was possibly caused by the increased RGA protein level. The findings that 








Figure 4.1 Quantitative real-time PCR analysis of the expression of RAP2.6 in 
ga1-3 rgl2-1 rga-t2 35S:RGA-GR under various treatments. 
The transcript levels of RAP2.6 were increased by 4-5 folds under the dexamethasone 
(D) treatment. In the presence of cycloheximide (C), dexamethasone increased the 
RAP2.6 mRNA levels by 2-3 folds. 
M, mock; D, 10 μM dexamethasone; C, 10 μM cycloheximide; CD, 10 μM 
cycloheximide plus 10 μM dexamethasone.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 








Figure 4.2 Expression of RAP2.6 under PAC treatment. 
PAC-treatment upregulated the expression of RAP2.6 at 3 h, 6 h, and 12 h, by 2-3 
folds. 
4-day-old Col seedlings grown on MS agar plates were treated with 10 µM PAC or 
mock. Total RNA was isolated from samples at 1 h, 3 h, 6 h, and 12 h after 
treatments.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 








Figure 4.3 Expression of RAP2.6 under GA treatment in floral buds of ga1-3. 
GA treatment downregulated the expression level of RAP2.6 by 3-4 folds. 
 Total RNA was isolated from samples at 4 h after treatments.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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4.2.2 The RAP2.6 protein belongs to the ERF/AP2 transcription 
factor family 
 
The gene structure of RAP2.6 was shown in Fig. 4.4A. The coding sequence of 
RAP2.6 consisted of 2 exons and 1 intron.  
 
The RAP2.6 protein contained a single AP2 domain (Fig. 4.4B) and was one of the 
seven members of the Arabidopsis ERF (ethylene response factor) subfamily B-4 of 
the ERF/AP2 transcription factor family. A BLAST search of the RAP2.6 protein 
sequence against the NCBI protein database identified a huge number of homologues 
in a variety of plant species, ranging from monocots (Oryza sativa) to dicots, from 
herbaceous plants to ligneous plants (Juglans nigra and Populus trichocarpa). The 
homology was exclusively limited to the AP2 domain and the percentage identity in 
the conserved region was above 60% (Fig. 4.4B). A multiple sequence alignment was 
performed with ClustalW (Fig. 4.4B), which displayed the highly conserved AP2 
domain among a wide range of plant species. The RAP2.6-homologues were either 
designated or putative AP2/ERF transcription factors, implying that RAP2.6 might 
function as a transcription factor in Arabidopsis.  
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Figure 4.4 Sequence analysis of RAP2.6. 
A) The gene structure of RAP2.6. Black boxes and lines represent exons and introns, 
respectively. 
B) Alignment of RAP2.6 homologues from various plant species including Lotus 
japonicas (Lj),  Oryza sativa (Os), Glycine max (Gm), Arabidopsis (At), Juglans 
nigra (Jn), Solanum lycopersicum (Sl), Nicotiana tabacum (Nt), Ipomoea batatas 
(Ib), Populus trichocarpa (Pt), Daucus carota (Dc), and Ricinus communis (Rc). 
Identical residues are marked with asterisks. Conserved and semi-conserved 
substitutions are denoted by „:‟ and „.‟, respectively. The AP2 domain was overlined. 
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4.2.3 Expression of the RAP2.6 gene in Arabidopsis 
 
To examine the spatial and temporal expression patterns of RAP2.6 in Arabidopsis, 
quantitative real-time PCR analysis was performed with gene-specific primers using 
total RNA extracted from various tissues in 28-day-old adult plants, dry seeds and 
whole seedlings at different developmental stages (3-, 8-, 14-day-old). In adult plants, 
RAP2.6 displayed an organ-specific expression pattern, as shown in Fig 4.5A. The 
RAP2.6 transcripts were highly accumulated in the root and moderately in the stem. 
However, in other aerial organs, the expression of RAP2.6 was either at extremely 
low levels (rosette leaf, bud, open flower, and silique) or totally undetectable (cauline 
leaf). The highest transcript levels of RAP2.6 were detected in dry seeds (Fig 4.5A). 
In seedlings 3, 8, and 14 days after germination, RAP2.6 was expressed at a low yet 
stable level (Fig. 4.5B). Taken together, real-time PCR results demonstrated that 
RAP2.6 was expressed throughout the life cycle of Arabidopsis, and the root was the 





Figure 4.5 Expression of RAP2.6 in wild-type plants. 
A) Transcript levels of RAP2.6 in various tissues from 28-day-old adult plants and 
dry seeds of Col wild-type. RL, rosette leaf; St, stem; CL, cauline leaf; Bud, unopen 
floral bud; OF, open flower; Si, silique; R, root; DS, dry seed. 
B) Transcript levels of RAP2.6 in the seedlings 3, 8, and 14 days after germination. 
Transcript levels in A and B were determined by real-time PCR and are shown 




4.2.4 The RAP2.6 protein is localized in the nucleus 
 
To study the subcellular localization of RAP2.6, the full-length coding region of 
RAP2.6 was fused with GFP (green fluorescent protein) under the control of the 35S 
promoter. The 35S:RAP2.6-GFP and 35S:GFP (control) plasmids were introduced 
into onion epidermal cells by particle bombardments for transient expression assays. 
The onion cells were stained with DAPI (4', 6-diamidino-2-phenylindole) to reveal 
the nuclei and observed using a confocal microscope. For the transient expression of 
35S:RAP2.6-GFP, GFP signals were detected in the nuclei of onion epidermal cells 
(Fig. 4.6A-D), whereas the control (35S:GFP) displayed diffused patterns of 
localization (Fig. 4.6E-H), suggesting that the chimeric RAP2.6 was constitutively 
localized in the nucleus. The subcellular localization of the RAP2.6 protein was 











Figure 4.6 Transient expression of 35S:RAP2.6-GFP and 35S:GFP in onion 
epidermal cells. 
A-D) 35S:RAP2.6-GFP transformed onion epidermal cells under UV/GFP (A), 
UV/DAPI (B), visible light (C), and merged lighting (D). The GFP signal was 
detected in the nucleus only. 
E-H) 35S:GFP transformed onion epidermal cells under UV/GFP (E), UV/DAPI (F), 
visible light (G), and merged lighting (H). The GFP signal was diffused all over the 





4.2.5 RAP2.6 is induced by ABA and abiotic stress treatments 
 
Members of the ERF subfamily are globally involved in plant adaptive responses to 
biotic and abiotic stresses. Furthermore, ABR1, which encodes a member of the 
Arabidopsis ERF subfamily B-4, has been shown to be involved in ABA- and stress-
induced responses (Pandey et al., 2005), suggesting a role for RAP2.6 in these 
processes.  To confirm this hypothesis, 4-day-old Col seedlings were treated with 
ABA and different abiotic stresses, and RAP2.6 transcript levels were investigated 
using quantitative real-time PCR analysis. As expected, time-course experiments 
revealed that the expression of RAP2.6 was induced by ABA and various stress 
treatments, including cold, drought (dehydration), osmotic stress, and salt treatments 
(Fig. 4.7-4.8).   
 
Under ABA treatment, the induction of RAP2.6 expression started at 1 h (by 2 folds) 
and became more significant at 3 h (by 6 folds) (Fig. 4.7). The increased 
accumulation of the RAP2.6 transcripts was maintained at 6 h and 12 h (by 5-8 folds) 
(Fig. 4.7). 
 
In comparison with the moderate induction by exogenous ABA treatment, RAP2.6 
gene expression was highly sensitive to abiotic stresses, including cold, drought, and 
salt treatments (Fig. 4.8A-C). As shown in Fig. 4.8A, under cold treatment, a rapid 
accumulation of the RAP2.6 (by 10 folds) transcripts was observed at 1 h. The 
induction of RAP2.6 became more potent at 3 h and eventually peaked at 6 h (by 50 
folds). At 12 h, the increase in RAP2.6 transcripts decreased to around 20 folds. As 
shown in Fig. 4.8B, drought treatment also rapidly induced the expression of RAP2.6 
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by 10 folds at 1 h, and the induction reached its peak at 3h (by 50 folds). Drought-
mediated induction of RAP2.6 did not last long, and the upregulation of RAP2.6 
transcript levels rapidly decreased to mock levels at 12 h. Among the stress treatments 
conducted, salt appeared to be the most potent inducer of RAP2.6 expression, as 
shown in Fig. 4.8C. Shortly after salt treatment, RAP2.6 transcript levels were 
increased by around 10 folds. The salt-induced upregulation of RAP2.6 persisted and 
the transcript levels fold change increased to over 100 at 6 h and 12 h. 
 
RAP2.6 was less sensitive to the mannitol-generated osmotic stresses (Fig. 4.8D). The 
RAP2.6 transcripts rapidly and transiently accumulated by 5 folds at 1 h after osmotic 
treatment, and then rapidly decreased to a level similar to mock treatment at 3 h, 
followed by a further decrease to below that of mock at 6 h and 12 h (Fig. 4.8D). 
 
The ABA- and stress-mediated expressions suggested that RAP2.6 might play a role 
in ABA- and stress-induced responses. 
 
 
4.2.6 Artificial microRNA-mediated silencing of RAP2.6 and 35S 
promoter-driven overexpression of RAP2.6 
 
To examine the biological function of RAP2.6 in Arabidopsis, I first attempted to 
identity insertion mutants from public resources. However, mutants with T-DNA 








Figure 4.7 Expression of RAP2.6 under ABA treatment. 
ABA treatment upregulated the expression of RAP2.6 at 1h, 3 h, 6 h, and 12 h time 
points. 
4-day-old Col seedlings grown on MS agar plates were treated with 100 µM ABA or 
mock. Total RNA was isolated from samples at 1 h, 3 h, 6 h, and 12 h after treatment.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 





Figure 4.8 Expression of RAP2.6 under abiotic stress treatments. 
Time-course examination of the RAP2.6 transcript levels under cold (A), drought (B), 
salt (C), and osmotic stress (D) treatments. 
4-day-old Col seedlings grown on MS agar plates were treated with cold (4 °C), 
drought, 150 mM NaCl, 400 mM Mannitol, or H2O (mock). Total RNA was isolated 
from samples at 1 h, 3 h, 6 h, and 12 h after treatments.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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 searched. To create knockdown lines for RAP2.6, I then generated the amiR-rap2.6 
transgenic plants which overexpressed the artificial microRNA specifically targeting 
RAP2.6. 24 independent transformants were obtained at the T1 generation, all of 
which were morphologically normal (data not shown). 8 transformants were selected 
for subsequent expression assay. Since the RAP2.6 transcripts mainly accumulated at 
the roots in adult plants, total RNA was isolated from the roots of 28-day-old 
transgenic plants, followed by reverse transcription and quantitative real-time PCR 
analyses. The expression levels of RAP2.6 were dramatically downregulated in most 
of the 8 selected amiR-rap2.6 transformants (Fig. 4.9), showing that the RAP2.6 gene 
was indeed silenced in the amiR-rap2.6 transgenic plants. The transgenic line 6 
(hereafter referred to as amiR-rap2.6), in which the RAP2.6 transcript levels was 
decreased by around 30 folds (Fig. 4.9A), was chosen for further morphological and 
molecular characterizations.  
 
I also created the 35S:RAP2.6 transgenic plants and obtained 17 independent lines at 
the T1 generation. Similarly, none of the 35S:RAP2.6 transformants exhibited 
abnormal phenotypes under normal growth conditions (data not shown), although the 
RAP2.6 gene was overexpressed in rosette leaves of all the lines selected for the 
expression assay (Fig. 4.9B). The transgenic line 3 (hereafter referred to as 
35S:RAP2.6), in which the RAP2.6 transcript levels was upregulated by around 20 




Figure 4.9 Expression of RAP2.6 in transgenic plants. 
A) Transcript levels of RAP2.6 were dramatically decreased in the root of 8 selected 
amiR-rap2.6 independent transgenic lines at the T1 generation.  
B) Transcript levels of RAP2.6 were upregulated in the rosette leaf of 6 
selected35S:RAP2.6 independent transgenic lines at the T1 generation. 
Transcript levels in A and B were determined by real-time PCR and are shown 




4.27 amiR-rap2.6 confers resistance to abiotic stresses and ABA 
 
Considering that RAP2.6 was induced by ABA and stress treatments, I speculated that 
alterations in the RAP2.6 transcript levels might affect plant responses to ABA and 
stress treatments, although under normal growth conditions, neither amiR-rap2.6 nor 
35S:RAP2.6 showed any abnormal phenotypes. To test this hypothesis, a variety of 
assays under ABA and stress treatments were performed, including seed germination, 
post-germination seedling growth, root elongation, and adult plant stress tolerance.  
 
In seed germination assays, amiR-rap2.6 seeds displayed resistance to salt, glucose-, 
and mannitol treatments, and its germination kinetics was not affected as much as in 
wild-type (Fig. 4.10, 4.11). Salt and glucose treatments slightly delayed the 
germination of amiR-rap2.6 seeds (Fig. 4.10). Under these treatments, initiation of 
amiR-rap2.6 seed germination was observed at 24 h and the germination rate rapidly 
increased to around 80% at 32 h (Fig. 4.10). After 40 h, more than 90% of the amiR-
rap2.6 seeds germinated, while in wild-type, the percentage germination was lower 
than 80% (Fig. 4.10). On the contrary, 35S:RAP2.6 seeds were hypersensitive to salt 
and glucose, and germination was more severely delayed as compared with wild-type 
(Fig. 4.10). At 24 h after treatment, the 35S:RAP2.6 seeds started to germinate and the 
germination rate slowly increased (Fig. 4.10). The percentage of germination was 
lower than 40% at 40 h, and at 48 h, less than 80% of the 35S:RAP2.6 seeds 
germinated (Fig. 4.10). Similarly, amiR-rap2.6 seeds displayed resistance while 
35S:RAP2.6 seeds showed hypersensitivity to osmotic stress treatment (500 mM 
Mannitol) during seed germination (Fig. 4.11). Fig. 4.11A and B show the 
germination rate kinetics of wild-type, amiR-rap2.6, and 35S:RAP2.6 seeds grown on 
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MS and MS + 500 mM Mannitol agar plates, respectively. Similar with the effects 
conferred by high salt and glucose treatments, under the Mannitol treatment, 
inhibition of germination was reduced in amiR-rap2.6 and increased in 35S:RAP2.6, 
as compared with wild-type seeds(Fig. 4.11B). Taken together, the results 
demonstrated that RAP2.6 played a significant role in mediating the inhibitory plant 
responses to abiotic stresses (including high salt, glucose, and osmotic stress) during 
seed germination. 
 
The alterations in the RAP2.6 transcript levels appeared to have no effect on the seed 
germination responses to exogenous ABA. As shown in Fig. 4.12, exogenous ABA 
application delayed seed germination to a similar extent in wild-type, amiR-rap2.6, 
and 35S:RAP2.6.  
 
However, during the post-germination seedling growth stage, ABA-mediated growth 
inhibition was alleviated in amiR-rap2.6, and exaggerated in 35S:RAP2.6 (Fig. 4.13). 
Compared with wild-type, amiR-rap2.6 seedlings were more resistant to ABA-
mediated growth inhibition, exhibiting root elongation and true leaf emergence (Fig. 
4.13). In contrast, 35S:RAP2.6 seedlings appeared to be hypersensitive to ABA and 
the growth retardation was more severe than that in wild-type, with shorter roots and 
smaller cotyledons (Fig. 4.13). In combination with the ABA-inducible expression of 
RAP2.6 (as described before), my results indicated that RAP2.6 might be a 
downstream effector in the ABA signalling pathway which participated in the ABA-






Figure 4.10 Time course analysis of seed germination under salt and glucose 
treatments. 
Germination rates of Col, amiR-rap2.6, and 35S:RAP2.6 seeds on MS, MS + 150 mM 
NaCl, and MS + 4% Glucose agar plates within 48 h after transfer to the 23 °C 
growth conditions with a photoperiod of 16-h-light/8-h-dark. 





Figure 4.11 Time course analysis of seed germination during osmotic stress 
conditions. 
Germination rates of Col, amiR-rap2.6, and 35S:RAP2.6 seeds on MS (A) and MS + 
500 mM Mannitol (B) agar plates within 48 h (A) and 136 h (B) after transfer to 
growth conditions of 23 °C with a photoperiod of 16-h-light/8-h-dark. 




Figure 4.12 Time course analysis of seed germination under ABA treatment. 
Germination rates of Col, amiR-rap2.6, and 35S:RAP2.6 on MS and MS + 5 µM 
ABA agar plates within 48 h after transferred to growth conditions of 23 °C with a 
photoperiod of 16-h-light/8-h-dark. 









Figure 4.13 Post-germination seedling growth on MS + 1 µM ABA agar plates. 
Compared with wild-type, the seedling growth was less inhibited as for amiR-rap2.6 
and more inhibited as for 35S:RAP2.6 seedlings. 
Wild-type, amiR-rap2.6 and 35S:RAP2.6 seeds on MS + 1 µM ABA agar plates were 
stratified in the dark at 4 °C for 48h, and then transferred to a long-day growth 
conditions at 23 °C. The photograph was taken on 10 days after the transfer. 
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Root elongation and adult plant stress tolerance to ABA and abiotic stress assays were 
also performed. The responses observed in wild-type, amiR-rap2.6, and 35S:RAP2.6 
plants were comparable (data not shown), suggesting that RAP2.6 might function 
mainly at the seed germination stage in Arabidopsis. Because of the large size of the 
ERF/AP2 transcription factor family in the Arabidopsis genome, it was possible that 
the function of RAP2.6 might partially overlap with some of its homologues 
(Riechmann & Meyerowitz, 1998). As a result, amiR-rap2.6 plants might be 
phenotypically indistinguishable from wild-type plants, which was in agreement with 
my observations.  
 
 
4.2.8 amiR-rap2.6 confers PAC resistance during seed germination  
 
The stress resistance observed in amiR-rap2.6 during germination suggested a role for 
RAP2.6 in seed germination. Being a downstream target of RGA, it was possible that 
RAP2.6 took part in DELLA proteins-mediated inhibitory effects on germination. To 
test this hypothesis, the germination rate of amiR-rap2.6 seeds was examined in the 
presence of PAC, an inhibitor of GA biosynthesis which would suppress GA-
dependent germination. Wild-type, amiR-rap2.6, and 35S:RAP2.6 seeds were plated 
onto MS agar plates containing 5 µM PAC, stratified for 48 h, and then grown in an 
environmentally controlled tissue culture room for one week before counting the 
germinated seeds. On day 7 after transferred to the tissue culture room, more than 20% 
of amiR-rap2.6 seeds germinated, while less than 5% of the wild-type and 
35S:RAP2.6 seeds germinated (Fig. 4.14). The results showed that amiR-rap2.6 had 
increased resistance to PAC during germination.  
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Figure 4.14 Germination percentage of wild-type, amiR-rap2.6, and 35S:RAP2.6 
seeds under PAC treatment. 
Germination of amiR-rap2.6 seeds was resistant to PAC. 
Col, amiR-rap2.6, and 35S:RAP2.6 seeds were plated onto MS +  5 µM PAC agar 
plates, stratified in dark for 48 h, and then transferred to the 23 °C growth conditions 
with a photoperiod of 16-h-light/8-h-dark and grown for 7 days before observation. 
Values are the mean ± standard deviation from three individual experiments. 
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Previous findings have shown that among the five DELLA proteins in Arabidopsis, 
RGL2 is the major repressor of seed germination (Tyler et al., 2004). Therefore, I 
tried to find out whether RAP2.6, an early target of RGA (Fig. 4.1), was regulated by 
RGL2 as well. The inducible system ga1-3 rgl2-1 rga-t2 35S:RGL2-GR, in which the 
RGL2-GR fusion protein could be activated by its ligand Dex, was used in my study 
to elucidate the potential regulation of RGL2 on RAP2.6. The stratified ga1-3 rgl2-1 
rga-t2 35S:RGL2-GR seeds were treated with 10 µM  Dex, 10 µM Dex plus 10 µM 
Cyc, or mock, and then plated onto MS agar plates. Eight hours after treatment, total 
RNA was isolated for subsequent reverse transcription and quantitative real-time PCR 
analyses. The mRNA levels of RAP2.6 were shown in Fig. 4.15. Dex treatment 
increased the RAP2.6 transcript levels by ~7 folds compared to mock treatment (Fig. 
4.15). Combined treatment of Dex plus Cyc increased RAP2.6 mRNA levels by ~5 
folds as compared to Cyc treatment (Fig. 4.15), suggesting that like RGA, RGL2 







Figure 4.15 Quantitative real-time PCR analysis of the expression of RAP2.6 in 
ga1-3 rgl2-1 rga-t2 35S:RGL2-GR seeds under various treatments. 
The transcript levels of RAP2.6 were increased by 7 folds under dexamethasone (D) 
treatment. In the presence of cycloheximide (C), dexamethasone increased RAP2.6 
mRNA levels by ~5 folds. 
M, mock; D, 10 μM dexamethasone; C, 10 μM cycloheximide; CD, 10 μM 
cycloheximide plus 10 μM dexamethasone.  
Transcript levels were determined by real-time PCR and are shown relative to TUB2 
expression. Values are the mean ± standard deviation from three replicates. 
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4.2.9 Silencing and overexpressing RAP2.6 affect the expression of 
stress-responsive marker genes 
 
The expressions of RAP2.6 could be induced by ABA- and various stress treatments 
as described earlier. In addition, disruption and overexpression of RAP2.6 conferred 
resistance and hypersensitivity respectively, in response to stress and ABA. These 
results all indicated the involvement of RAP2.6 in ABA and stress signalling 
pathways. Therefore, I attempted to elucidate the molecular mechanisms of RAP2.6 in 
plant stress responses. Previous findings have shown that the DREB1/CBF 
transcription factors can activate the expressions of several stress responsive genes, 
such as COR15A, COR47, and RD29A, via binding to the C-repeat/DRE DNA 
regulatory element in the promoter regions (Stockinger et al., 1997; Gilmour et al., 
1998; Jaglo-Ottosen et al., 1998; Liu et al., 1998). As a member of the AP2/ERF 
transcription factor, RAP2.6 might also function to regulate the expressions of stress 
responsive genes. To test this hypothesis, I investigated the expression levels of 
COR15A, COR47, RD22, and RD29A in ABA- and stress- treated wild-type, amiR-
rap2.6, and 35S:RAP2.6 seedlings. These four genes have been widely used as 
markers to monitor ABA and stress response pathways in plants (Nordin et al., 1991; 
Gilmour et al., 1992; Lin & Thomashow, 1992; Yamaguchishinozaki et al., 1992; 
Horvath et al., 1993; Welin et al., 1994; Welin et al., 1995). 
 
As for non-treated 4-day-old seedlings, the expressions of COR15A, RD22 and 
RD29A were downregulated in amiR-rap2.6, and upregulated in 35S:RAP2.6 (Fig. 
4.16A, C, D). As for the expression of RD29A, the downregulation in amiR-rap2.6 
seedlings and upregulation in 35S:RAP2.6 seedlings were more significant (Fig. 
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4.16D). It indicated that RAP2.6 might act as an activator of the COR15A, RD22, and 
RD29A genes. On the other hand, transcripts of COR47 remained at the wild-type 
level in amiR-rap2.6 and 35S:RAP2.6 seedlings (Fig. 4.16B), implying that RAP2.6 
might not directly regulate COR47 under normal growth conditions.  
 
Expressions of the four marker genes were further investigated under various 
treatments. As a whole, disruption and overexpression of RAP2.6 altered the 
expression patterns of some stress-responsive genes to differential extents, suggesting 
the involvement of RAP2.6 in ABA- and stress-conferred induction of these genes. 
 
Time course ABA treatment revealed that the expressions of the four genes were 
induced in wild-type seedlings, although the induction of COR47 was much less than 
that of the other three genes (Fig. 4.17). In amiR-rap2.6 seedlings, COR15A, COR47, 
and RD29A were more sensitive to ABA treatment, and the ABA-mediated induction 
was more rapid and potent (Fig. 4.17). Exception was the RD22 gene, whose 
induction by ABA was delayed, yet more potent in amiR-rap2.6 seedlings (Fig. 4.17). 
In 35S:RAP2.6 seedlings, the responses to ABA of the marker genes were on the 
whole comparable to the responses in wild-type seedlings (Fig. 4.17). The expression 
patterns of the stress-responsive genes in amiR-rap2.6 and 35S:RAP2.6 might be 
correlated with their responses to ABA treatment during post-germination seedling 
growth (Fig. 4.13). 
 
Under salt treatment, the four marker genes were either moderately or slightly 
induced in the wild-type seedlings (Fig. 4.18). The salt-conferred induction of 
COR15A and RD29A was greatly enhanced in amiR-rap2.6 seedlings and almost 
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abolished in 35S:RAP2.6 seedlings (Fig. 4.18). The expression of RD22 was enhanced 
in both amiR-rap2.6 and 35S:RAP2.6 seedlings, while the expression of COR47 was 
reduced compared to wild-type seedlings (Fig. 4.18). The opposite salt-induced 
responses of COR15A and RD29A in amiR-rap2.6 and 35S:RAP2.6 seedlings helped 
to explain the opposite salt-induced responses observed in the earlier seed 
germination assays (Fig. 4.10).  
 
The adaptive expressions of the stress marker genes in response to cold and drought 
were also examined in wild-type and amiR-rap2.6 seedlings. As shown in Fig. 4.19, 
under drought treatment, the induction of COR15A, COR47, and RD29A was 
observed in amiR-rap2.6 seedlings but delayed compared to that in wild-type 
seedlings. In wild-type, the cold mediated induction of gene markers was relatively 
slow and the peak was not reached until 12 h after treatment (Fig. 4.20). In amiR-
rap2.6 seedlings, the induction of COR15A was strengthened and that of COR47 and 
RD29A was weakened while the expression of RD22 did not display a consistent trend 
(Fig. 4.20). 
 
Although complicated, the differing expressions of stress-responsive genes in amiR-
rap2.6 and 35S:RAP2.6 seedlings suggested that the RAP2.6 gene played a significant 
role in ABA and stress signalling pathways. RAP2.6 might function as a regulator of 
stress-responsive genes and helped to maintain their proper expression in responses to 
ABA and stresses. Silencing and overexpression of RAP2.6 disrupted the adaptive 
expression of stress-responsive genes, which might lead to the abnormal stress  






Figure 4.16 Expression of stress-responsive genes in wild-type, amiR-rap2.6, and 
35S:RAP2.6 under normal growth conditions. 
The mRNAs levels of COR15A (A), COR47 (B), RD22 (C), and RD29A (D) in 4-day-
old seedlings of wild-type, amiR-rap2.6, and 35S:RAP2.6. 
Transcript levels were determined by real-time PCR and are shown relative to TUB2 





Figure 4.17 Expressions of stress-responsive genes under 100 µM ABA 
treatment. 
Relative expressions of COR15A, COR47, RD22, and RD29A in 4-day-old seedlings 
of wild-type, amiR-rap2.6, and 35S:RAP2.6 under 100 µM ABA treatment. 
Relative expression levels were determined by real-time PCR and are shown relative 







   
Figure 4.18 Expressions of stress-responsive genes under 150 mM NaCl 
treatment. 
Relative expressions of COR15A, COR47, RD22, and RD29A in 4-day-old seedlings 
of wild-type, amiR-rap2.6, and 35S:RAP2.6 under 150 mM NaCl treatment. 
Relative expression levels were determined by real-time PCR and are shown relative 




   
 
  
Figure 4.19 Expressions of stress-responsive genes under drought treatment. 
Relative expressions of COR15A, COR47, RD22, and RD29A in 4-day-old seedlings 
of wild-type, amiR-rap2.6, and 35S:RAP2.6 under drought treatment. 
Relative expression levels were determined by real-time PCR and are shown relative 







Figure 4.20 Expressions of stress-responsive genes under cold treatment. 
Relative expressions of COR15A, COR47, RD22, and RD29A in 4-day-old seedlings 
of wild-type, amiR-rap2.6, and 35S:RAP2.6 under cold treatment (4 °C). 
Relative expression levels were determined by real-time PCR and are shown relative 




4.2.10 amiR-rap2.6 exhibits a late flowering phenotype at low 
temperature 
 
Further physiological characterization of RAP2.6 function was carried out by 
investigating the flowering time of amiR-rap2.6 plants. When grown at 23 °C, amiR-
rap2.6 plants flowered normally under both long day (16-h-light/8-h-dark) and short 
day (8-h-light/16-h-dark) conditions (Fig. 4.21A, B). As RAP2.6 was induced by 
abiotic stresses and was involved in plant adaptive responses to stresses, it would be 
of interest for us to examine the flowering time of amiR-rap2.6 plants under stress 
treatments. Wild-type and amiR-rap2.6 plants were thus grown at 16 °C in an 
environmentally controlled long day growth chamber and their flowering times were 
determined by counting the total leaf number of primary rosette leaves. Although 
flowering was normal at 23 °C, the amiR-rap2.6 plants exhibited a late flowering 
phenotype at 16 °C (Fig. 4.21A). The fact that the cold-conferred delay in flowering 
was exaggerated in amiR-rap2.6 suggested that RAP2.6 might be involved in the 
thermosensory pathway in controlling flowering time.  
 
It has been reported that FCA and FVE, two members of the autonomous pathway in 
flowering time control, are central players in the thermosensory pathway and mediate 
the effects of ambient temperature (Blazquez et al., 2003). The autonomous pathway 
mutants fca and fve flower at the same time regardless of the ambient temperature 
(Blazquez et al., 2003). In addition, FVE functions as a genetic link between cold 
responses and flowering time, and some cold responsive genes are regulated by FVE 




I then examined the expression levels of RAP2.6 in fca and fve mutants. For the 
purpose of studying flowering time, total RNA was isolated from the aerial parts of 
11-day-old plants grown in soil under normal long day conditions, followed by 
reverse transcription and quantitative real-time PCR analyses. The results showed that 
despite the extremely low levels, the RAP2.6 transcripts were greatly accumulated in 
fca and fve mutants, as compared with wild-type (Fig. 4.22). This implied that the 
high level of RAP2.6 transcripts could at least be partially correlated with the 








Figure 4.21 Flowering time of wild-type and amiR-rap2.6 under different 
environments. 
A) Flowering time of wild-type and amiR-rap2.6 under long day conditions at 23 °C 
and 16 °C.  
B) Flowering time of wild-type and amiR-rap2.6 under short day conditions at 23 °C. 
LD, long day. SD, short day. Flowering times were represented as the total number of 
primary leaves. Values are the mean ± standard deviation from at least 15 plants for 







Figure 4.22 Expression of RAP2.6 in wild-type, fca-1, and fve-1. 
In the aerial parts of the 11-day-old plants grown in soil under normal conditions, the 
RAP2.6 transcripts were almost undetectable in wild-type, whereas they are detected 
at relatively high levels in fca-1 and fve-1. 
Relative expression levels were determined by real-time PCR and are shown relative 





In the natural environment, plants are almost always exposed to abiotic and biotic 
stresses, including drought, cold, high salt, and pathogen attack. To optimize their 
growth and development, and to maximize their survival and propagation, plants have 
established a complex network to effect proper adaptive responses to various stresses. 
Multiple signalling pathways, including ABA, ethylene, JA, SA, and GA, are 
involved in plant developmental processes and stress-induced responses (Achard et al., 
2006; Magome et al., 2004). Upon perception of environmental stimuli, these 
signalling pathways coordinate with each other and the final balance of their 
interactions determines the specific responses to the initial stimuli. Therefore, 
understanding how these pathways are integrated by the plant is crucial for the 
elucidation of the mechanisms underlying plant adaptive responses, which has 
potential agricultural applications, such as creating the stress-resistant crops through 
bioengineering. 
 
In this study, a downstream target of RGA and RGL2, RAP2.6, was characterized. 
The RAP2.6 protein belonged to the ERF/AP2 transcription factor family, which was 
localized in the nucleus (Fig. 4.6). In addition to its upregulation by RGA and RGL2 
(Fig. 4.1, 4.15), the expression of RAP2.6 was also induced by ABA and various 
stress treatments (Fig. 4.7-4.8), suggesting that RAP2.6 could be a converging point 
where multiple stress-responsive signalling pathways integrate. The amiR-rap2.6 and 
35S:RAP2.6 transgenic plants were created for functional characterization (Fig. 4.9). 
Although morphologically wild-type under normal growth conditions (data not 
shown), amiR-rap2.6 was more resistant, while 35S:RAP2.6 was more sensitive to 
 128 
 
ABA and abiotic stress treatments during seed germination or post-germination 
seedling development stages (Fig. 4.10, 4.11, 4.13), implying that RAP2.6 played a 
positive role in mediating inhibitory plant growth responses to exogenous stresses. In 
adult plants, amiR-rap2.6 exhibited a higher sensitivity to low ambient temperatures, 
and flowered later than wild-type at 16 °C (Fig. 4.21). RAP2.6 transcripts 
accumulated in the ambient temperature-insensitive fca and fve mutants, indicating 
that RAP2.6 could function to suppress plant adaptive responses to low temperature 
during floral transition. 
 
Under normal growth conditions, neither amiR-rap2.6 nor 35S:RAP2.6 plants 
exhibited any abnormality throughout the whole life cycle. This could be due to the 
functional redundancy between RAP2.6 and its homologues. However, under ABA or 
abiotic stress treatments, amiR-rap2.6 and 35S:RAP2.6 plants showed noticeable 
differences as compared with wild-type plants. amiR-rap2.6 plants were resistant, 
while 35S:RAP2.6 plants were hypersensitive to ABA and abiotic stress treatments 
during seed germination or post-germination seedling development stages (Fig. 4.10, 
4.11, 4.13). This could be because the ERF/AP2 transcription factors are widely 
involved in stress responses, therefore silencing and overexpressing RAP2.6 confer 
visible phenotypes under stress conditions (Riechmann & Meyerowitz, 1998). 
 
The RAP2.6 gene might be a converging point where multiple stress-responsive 
signalling pathways integrate. RAP2.6 was upregulated by DELLA proteins (Fig. 4.1, 
4.15), demonstrating the involvement of RAP2.6 in the GA signalling pathway. 
Moreover, ABA and abiotic stresses also induced the expression of RAP2.6 (Fig. 4.7-
4.8). In young seedlings, the induction of RAP2.6 expression conferred by exogenous 
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ABA treatment was much lower than that conferred by abiotic stresses (cold, drought, 
and salt) (Fig. 4.7-4.8). This could be because multiple phytohormone signalling 
pathways, such as ABA, GA, ethylene, JA, and SA, were activated in response to 
abiotic stresses. These stress-activated pathways might act in a combinatorial way to 
induce the expression of RAP2.6 gene, one of the putative converging points of 
various phytohormone signalling, to a much higher extent in comparison with the 
single ABA treatment. Previous findings demonstrate that DELLA proteins are an 
integrator of multiple phytohormonal signalling pathways. ABA and ethylene inhibit 
GA-mediated degradation of DELLA proteins (Achard et al., 2003; Fu & Harberd, 
2003). Therefore the regulation of RAP2.6 by various signalling pathways could 
happen either directly or indirectly.  
 
RAP2.6 was likely to be involved in the growth restraint conferred by DELLAs under 
environmental stresses. ABA-dependent enhancement of DELLA restraint is essential 
for salt-induced growth inhibition and late flowering in Arabidopsis (Achard et al., 
2006). My results demonstrated that overexpression of RAP2.6 exaggerated, while 
silencing of RAP2.6 alleviated the ABA-mediated growth retardation during early 
seedling development (Fig. 4. 13). It was therefore likely that DELLA proteins 
restrained plant growth through activating the expression of RAP2.6, although many 
other downstream targets of DELLAs might also take part in the restraining process. 
 
RAP2.6 could be a downstream effector of RGL2 in suppressing seed germination. 
According to my results, RAP2.6 was an immediate target of both RGA and RGL2 
(Fig. 4.1, 4.15), and amiR-rap2.6 seeds were resistant to PAC-conferred germination 
inhibition (Fig. 4.14). PAC treatment blocked the GA biosynthesis pathway and 
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reduced bioactive GA levels. Subsequently, the GA-mediated degradation of DELLA 
proteins was suppressed and the amount of RGL2 is increased, leading to 
upregulation of RAP2.6.  According to my observation, disruption of RAP2.6 in 
amiR-rap2.6 partially overcomed the PAC-induced seed germination arrest (Fig. 
4.14), suggesting that RGL2-conferred inhibition of seed germination might be at 
least partially dependent on RAP2.6. However, ectopic expression of RAP2.6 
appeared to have no effect on PAC-conferred seed germination inhibition, as the 
percentage of germination on day 7 under PAC treatment in 35S:RAP2.6 seeds was 
almost the same as that in wild-type seeds (Fig. 4.14). It was possible that in addition 
to RAP2.6, other downstream effectors of RGL2 existed, which worked in 
combination to inhibit seed germination, hence, overexpressing RAP2.6 alone was 
insufficient to confer seed germination inhibition caused by RGL2. Taken together, 
my results suggested that RAP2.6 was essential but not sufficient for RGL2-mediated 
seed germination arrest. 
 
My results also suggested that the involvement of RAP2.6 gene in plant responses to 
ABA and abiotic stresses was developmental stage-specific. During the seed 
germination stage, the RAP2.6 gene contributed more to abiotic stress-induced 
inhibition while less to ABA-mediated suppression. As shown in Fig. 4.10 and 4.11, 
amiR-rap2.6 seeds were resistant, while 35S:RAP2.6 seeds were hypersensitive to 
high salt, glucose, and osmotic stress. The seed germination kinetics was closely 
correlated with the RAP2.6 transcript levels. The more abundant the RAP2.6 
transcripts, the slower the rate of germination. In contrast, RAP2.6 played a less 
significant role in ABA-mediated arrest of seed germination, and its expression level 
had little effect on the germination kinetics (Fig. 4.12). However, during the post-
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germination seedling development stage, RAP2.6 appeared to function as an 
important effector of ABA-conferred growth retardation. As shown in Fig. 4.13, 
under ABA treatment, seedlings of amiR-rap2.6 and 35S:RAP2.6 exhibited alleviated 
and exaggerated growth retardation, respectively, which resembled the responses to 
abiotic stresses during the seed germination phase. Interestingly, at the post-
germination phase, no significant differences were observed in wild-type, amiR-
rap2.6 and 35S:RAP2.6 seedlings under various abiotic stress treatments (data not 
shown). This implied that the RAP2.6 gene was differentially regulated by 
phytohormone and environmental stimuli at different developmental stages in 
Arabidopsis. As a member of a large transcription factor family (the ERF/AP2 family), 
RAP2.6 possibly acted synergistically with its homologues in mediating plant 
adaptive responses to either phytohormones or environmental stresses, in a partially 
overlapping yet distinct manner, with different members exerting their effects at 
different developmental stages. My observations suggested that the role of RAP2.6 in 
the responses to ABA and abiotic stresses varied with different developmental stages.  
 
In general, the expression patterns of stress responsive genes under ABA and various 
stress treatments were to some extent, affected by RAP2.6 transcript levels (Fig. 4.17-
4.20). However, as expressions of the stress responsive genes were differentially 
modulated by RAP2.6 under different situations, I was unable to draw a conclusion in 
the elucidation of the mode of RAP2.6 regulation on stress responsive genes. The 
diverse expression patterns indicated that the effects of RAP2.6 on these stress 
responsive genes were unlike those conferred by the DREB/CBF genes, which were 
shown to directly bind to the C-repeat/DRE DNA regulatory element and act as 
transcriptional regulators (Gilmour et al., 1998). The complicated network of 
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interactions of the ERF/AP2 transcription factors might help to explain this 
phenomenon. The actions of the ERF/AP2 transcription factors in plant development 
and stress responses could either be in parallel or in a hierarchy. Several ERF/AP2 
genes are shown to regulate the expression of other members of the same transcription 
factor family. For example, AtERF14 is required for the expression of some other 
ERF genes involved in plant defense and ethylene/JA responses, such as ERF1 and 
AtERF2 (Onate-Sanchez et al., 2007). More interestingly, a previous transcriptome 
profiling revealed that RAP2.6 is activated by CBF expression (Fowler & Thomashow, 
2002), implying that RAP2.6 is also a downstream target of CBF. Therefore it was 
possible that RAP2.6 acts upstream, in parallel, or downstream of these stress reporter 
genes upon ABA or stress treatments, which was consistent with the diverse 
expressions observed. It was noteworthy that the ABA- and stress-induced expression 
of several stress responsive genes was highly sensitive to the RAP2.6 transcript levels 
(Fig. 4.17-4.20), showing that RAP2.6 was indeed involved in the transcriptional 
regulation of these genes. 
 
In summary, my results demonstrated that the ERF/AP2 gene RAP2.6, which was 
upregulated by the DELLA proteins RGA and RGL2, functioned to facilitate the 
transient growth arrest conferred by adverse environmental stimuli. Underexpression 
of RAP2.6 could overcome ABA- and abiotic stress-induced growth restraint, while 
overexpression of RAP2.6 exaggerated it. As the process of plant growth is energy 
demanding and the resultant increase in plant dimensions makes plant more 
vulnerable to environmental stresses, it has been proposed that DELLAs-dependent 
growth restraint is advantageous in adverse environments, permitting a flexible 
growth response to environmental variability, thus promoting survival (Achard et al., 
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2006). It was likely that RAP2.6 acted as an important downstream effector of 
DELLA proteins in restraining plant growth and development. Therefore RAP2.6 and 
its homologues might be considered as potential targets in genetic engineering of 













In this study, AtPV42a and RAP2.6, the target genes of DELLA proteins, were 
characterized. My findings would help to elucidate the downstream mechanisms of 
DELLA proteins in plant development and adaptive responses. 
 
AtPV42a and its homologue, AtPV42b, encoding the γ-type subunits of the SnRK1 
complex in Arabidopsis, were both upregulated by RGA. My results demonstrated 
that AtPV42a and AtPV42b played redundant roles in the control of reproductive 
processes. Their functional redundancy implied that they might function as the γ-
subunits of a specific SnRK1 complex, which regulated pollen development and 
double fertilization. As the SNF1/AMPK/SnRK1 complexes are global regulators of 
metabolism in yeast, mammals, and plants, it was therefore possible that the 
involvement of DELLA proteins in plant development could be partially correlated 
with the control of plant metabolic processes.  
 
RAP2.6, which was also upregulated by RGA, encoded a member of the ERF/AP2 
transcription factor family. My results revealed that RAP2.6 was involved in plant 
responses to various phytohormonal and environmental signals, which might provide 
further evidences to prove that DELLA proteins were integrators of multiple 
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